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Objectives: The main objective of this degree dissertation is the study of various 
hydraulic aspects linked to the decontamination works of a solid waste deposit situated 
on the right riverbank of Flix Reservoir in the Ebro River. The mentioned works imply 
the construction of an enclosure to isolate the contaminated zone from the rest of the 
reservoir. 
Furthermore, the physical (experimental) results are compared to those obtained by a 
two-dimensional numerical model with the objective of verifying the adequacy and 
accuracy of the numerical model; especially if the hypothesis of two dimensionality 
used by the numerical model is acceptable. 
 
Methodology: By physical and numerical modelling, the hydrodynamics of the 
reservoir are studied for the current situation and for the situation during 
decontamination works (with the enclosure).  
The physical modelling consists in measuring flow velocities for two discharges (for the 
geometry without enclosure as well as for the geometry with enclosure) in a reduced 
model. The reduced model is of fixed bed at scale 1:45 and is operated by Froude 
similitude. It is equipped with an automatic alignment device for an acoustic Doppler 
velocimeter. 
The numerical modelling consists in simulation campaign for the same conditions than 
the physical model using the CARPA numerical modelling system which applies a two-
dimensional approximation. This model uses high resolution numerical schemes which 
allow the numerical hydrodynamic simulation of free surface (steady or unsteady) water 
flow. CARPA integrates the shallow water equations in one or two dimensions using a 
finite volume discretization. 
 
Results: As expected, the presence of the enclosure increases the velocities. For a 
fixed discharge, an approximate relationship has been established stating that the 
velocities for the geometry with enclosure are 1.55 times higher than for the geometry 
without enclosure. The increase of the velocities is higher in the central part of the river, 
since velocities are reduced at the contact with the enclosure. 
The comparison of the physical modelling results with the data of a field campaign, 
acquired for another study, shows a concordant distribution form of the velocities.  
The comparison of the measures on the physical model and the calculations on the 
numerical model shows a satisfactory correspondence of the obtained values for the 
two studied geometries as well as for both discharges. 
 
Conclusions: In the current situation, the presences of a submerged weir and of the 
waste deposit lead to a preferential flow path situated on the left riverbank side. This 
benefits the situation during decontamination works since it is the right riverbank side 
which will be reduced and therefore the preferential path will not be affected too much. 
The intake of the hydroelectric power plant channels is not affected by the presence of 
the enclosure. Thus, it can be affirmed that the enclosure respects within the realms of 
possibility the current hydrodynamics of the reservoir and its regular hydraulic 
functioning is possible during works. 
Concerning the accuracy and adequacy of the numerical model to the studied case it 
can be concluded that the comparison of experimental and numerical results shows 
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that the numerical model represents correctly the hydrodynamics of the reservoir given 
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Objeto: El objetivo principal de este trabajo es el estudio de los diferentes aspectos 
hidráulicos asociados a los trabajos de descontaminación de los residuos situados en 
el margen derecho del embalse de Flix en el río Ebro. Dichos trabajos requieren la 
construcción de un recinto para aislar la zona afectada por la obras del resto del 
embalse.  
Además se comparan los resultados experimentales con los de un modelo numérico 
bidimensional con el objetivo de evaluar la adecuación y la precisión del modelo 
numérico, en especial, si es aceptable la hipótesis de bidimensionalidad que el modelo 
numérico utiliza. 
 
Metodología: Mediante modelización física y numérica se estudia la hidrodinámica del 
embalse, tanto en la situación actual como durante las obras (una vez construido el 
recinto).  
La modelización física consiste en una campaña de medidas de velocidades para dos 
caudales (tanto para la geometría con recinto como para la sin recinto) en un modelo 
reducido. El modelo reducido es de lecho fijo a escala 1:45 y se opera por semejanza 
de Froude. Esta instrumentado con un posicionador automático para un sensor de 
velocidad por ultrasonidos. 
La modelización numérica consiste en una campaña de simulaciones para las mismas 
condiciones que la modelización física utilizando la herramienta de modelación 
numérica CARPA considerando una aproximación bidimensional. Este modelo utiliza 
esquemas numéricos de alta resolución que permiten la simulación hidrodinámica del 
flujo de agua en lámina libre y régimen variable. CARPA integra las ecuaciones de 
Saint Venant en una o dos dimensiones utilizando un discretización numérica en 
volúmenes finitos. 
 
Resultados: Como cabía esperar, la presencia del recinto incrementa las velocidades. 
De una forma aproximada se ha establecido que las velocidades con recinto son 1.55 
veces mayores que las velocidades sin recinto para un determinado caudal. El 
aumento de las velocidades se hace más acusado hacia la parte central del río, puesto 
que las velocidades se reducen al contacto con el recinto.  
La comparación de los resultados físicos con datos de campo, obtenidos durante otro 
estudio, muestra una forma de distribución de las velocidades concordante. 
La comparación entre las medidas en el modelo reducido y los resultados del modelo 
numérico permiten observar una correspondencia satisfactoria entre los valores 
obtenidos, tanto para las dos geometrías estudiadas como para ambos caudales. 
 
Conclusiones: En la situación actual, la presencia de un azud sumergido y del 
depósito de residuos conduce a una vía preferente de flujo que se encuentra situada 
junto a la margen izquierda. Este hecho beneficia la situación durante las obras de 
descontaminación puesto que es la margen derecha del río que será reducida y, por 
tanto, la trayectoria preferente del flujo no se verá afectada de manera considerable. 
Las tomas de agua de la central hidroeléctrica tampoco se ven afectadas por la 
presencia del recinto. Por lo tanto se puede decir que el recinto respeta en la medida 
de lo posible la hidrodinámica actual del embalse y el buen funcionamiento hidráulico 
del mismo durante las obras es posible. 
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En lo que respecta la adecuación y la precisión del modelo numérico al caso estudiado 
se puede concluir que la comparación entre los resultados experimentales y numéricos 
muestra que el modelo numérico representa fielmente la hidrodinámica del embalse 






Titre: Étude de l’hydrodynamique du réservoir de Flix par modélisation physique et 
numérique. 
Auteur: Tamara Lema 
Tuteur: Ernest Bladé i Castellet 
 
Objectifs: L’objectif principal de ce travail est l’étude des différents aspects 
hydrauliques associés aux travaux d’assainissement des résidus se trouvant sur la rive 
droite de la retenue de Flix sur le fleuve Ebro. Ces travaux requièrent la construction 
d’une enceinte de confinement pour isoler la zone affectée par les travaux du reste du 
réservoir. 
De plus, une comparaison entre les résultats expérimentaux et ceux d’un modèle 
numérique bidimensionnel est effectuée, ayant pour objectif d’évaluer l’adéquation et la 
précision du modèle numérique, et plus particulièrement, si l’hypothèse de 
bidimensionnalité utilisée par le modèle numérique est acceptable. 
 
Methodologie: L’hydrodynamique du barrage est étudiée au moyen d’une 
modélisation physique et numérique, autant dans la situation actuelle que pendant les 
travaux (une fois l’enceinte de confinement construite). 
La modélisation physique consiste en une campagne de mesures de vitesses pour 
deux débits (autant pour la géométrie avec enceinte comme sans enceinte) sur un 
modèle réduit. Le modèle à lit fixe est une représentation à l’échelle 1:45 du prototype 
et est exploité en similitude de Froude. Il est instrumenté avec un positionneur 
automatique et un senseur de vitesse à ultrasons. 
La modélisation numérique consiste en une campagne de simulations pour les mêmes 
conditions que la modélisation physique au moyen de l’outil de modélisation numérique 
CARPA en considérant une approximation bidimensionnelle. Ce modèle utilise des 
schémas numériques de haute résolution qui permettent de simuler l’hydrodynamique 
d’écoulements à surface libre et en régime variable. CARPA intègre les équations de 
Saint Venant en une ou deux dimensions utilisant une discrétisation numérique en 
volumes finis. 
 
Résultats: Comme il fallait s’attendre, la présence de l’enceinte de confinement 
augmente les vitesses. De façon approximative, il a été établit que les vitesses avec 
enceinte sont 1.55 fois plus grandes que les vitesses sans enceinte pour un débit 
déterminé. L’augmentation des vitesses est plus remarquée vers la partie centrale du 
fleuve, vu que les vitesses se réduisent au contact du lit et du mur de l’enceinte. 
La comparaison des résultats physiques avec des données de terrain, obtenues durant 
une autre étude, démontre une forme de distribution des vitesses concordante. 
La comparaison entre les résultats du modèle réduit et les résultats du modèle 
numérique permet d’observer une correspondance satisfactoire entre les valeurs 
obtenues, autant pour les deux géométries étudiées que pour les deux débits. 
 
Conclusions: Dans la situation actuelle, la présence d’un déversoir submergé et du 
dépôt de résidus conduit à une voie préférentielle de flux qui se situe du coté gauche 
du reservoir. De ce fait, les travaux d’assainissement s’en voient bénéficiés vu que 
c’est le côté droit du réservoir qui sera réduit, et donc, la trajectoire du flux ne se verra 
pas affectée de manière considérable. Les prises d’eau de la centrale hydroélectrique 
ne sont pas non plus affectées par la presence de l’enceinte de confinement. Dès lors 
il est possible d’affirmer que l’enceinte respecte, dans la mesure du possible, 
l’hydrodynamique actuelle du barrage et son bon fonctionnement hydraulique durant 
les travaux est envisageable. 
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En ce qui concerne l’adéquation et la précision du modèle numérique au cas étudié, la 
comparaison entre les résultats expérimentaux et numériques démontrent que le 
modèle numérique représente fidèlement l’hydrodynamique du barrage vu que les 
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For years men have used the environment to satisfy their desires without care about 
consequences. Today, old activities have to be revoked to ensure that the environment 
can continue to meet human needs without compromising the ability of future 
generations to meet their own needs. 
 
This degree dissertation studies the influence of decontamination works on the 
hydrodynamics of the Flix Reservoir in the Ebro River (Tarragona, Spain). The Ebro 
River is one of the biggest rivers in Spain providing water for industrial exploitation, 
agriculture and urban supplies including drinking water. For many years a chemical 
company dumped hazardous industrial solid waste into the reservoir of Flix. This waste 
disposal has to be removed in order to restore an ecological admissible situation and to 
avoid downstream contamination in future flood events. The procedure of 
decontamination consists in the isolation of the site where the contaminated sludge is 
deposited to extract the waste. The isolation is made up of a sheet pile wall of closure 
against the right bank of the reservoir. The influence of this enclosure will be 
considered in this degree dissertation. 
 
Through physical and numerical modelling for the current situation (without enclosure) 
as well as for the situation during works (with enclosure), the impacts on flow velocity, 
discharge and water elevation will be quantified.  
The research group FLUMEN1 has been working on different aspects of this 
decontamination works for years. It owns a physical model laboratory with a replication 
of the Flix Reservoir, which will be used for physical modelling. A two-dimensional 
numerical modelling system also developed by FLUMEN will be employed for the 
numerical modelling. Validation of the results can be achieved by making use of field 
measurements collected during a field campaign in 2006. 
 
This technical report is structured as follows: first, the objectives are defined. The 
chapter about the study context gives an overview of the important elements to which 
this project is related. The Ebro River and its watershed are presented followed by the 
geographical location of the reservoir. A presentation of the town of Flix, the dam and 
the reservoir is given next. The industry responsible of the pollution is presented before 
the pollution and the procedure of decontamination are described. The following 
chapter exposes the methodology used for physical modelling. The physical model and 
its characteristics are presented previous to the description of the modelling settings 
and the measuring instrumentation. The calibration of the measuring equipment and 
the method of raw data processing are exposed. Next, the results obtained by physical 
modelling are documented. Validation and analysis follow in the next chapter. The 
velocity behaviour in both studied geometries and for both discharges is analyzed in 
detail. These elements allow an interpretation of the results, which determines the 
impact of the enclosure on the hydrodynamics of the reservoir during works.  
 
The second part, committed to numerical modelling, begins with the illustration of the 
methodology applied for this purpose. The principles of numerical modelling are 
explained and the used numerical modelling system is introduced. Furthermore the 
                                                 
1 FLUMEN is a multidisciplinary group belonging to the Technical University of Catalonia (UPC) and the 
University of Barcelona (UB), composed by engineers (Hydraulic, Maritime and Environmental Engineering 
Department at UPC) and biologists (Ecology Deptartment at UB). The activity of FLUMEN is tightly linked 
to the civil engineering school of the UPC and the faculty of biology of the UB. FLUMEN has a research 
group with more than ten years of experience in investigation and development in fluvial dynamics and 
hydrologic engineering. 
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numerical model of the reservoir of Flix is exposed before the modelling settings are 
established. The required instrumentation is shown and the calculation process as well 
as the processing mode is explained. The following chapter documents the results 
obtained by numerical modelling. As for the physical modelling, the results are 
validated, analyzed and interpreted.  
 
The third part of this degree dissertation is devoted to the comparison of the results 
obtained by physical and numerical modelling. The accuracy and the adequacy of the 
numerical model, particularly with regard to the hypothesis of two-dimensionality is then 
evaluated. 
 
At the end the main conclusions arising from this study will be displayed. The results 
and their interpretation give useful advices for the decontamination project concerning 
the behaviour of the hydrodynamics during works. A relation linking the velocity during 
works to the actual velocity is determined independently by both methods. There are 
also some considerations concerning the consequences of an important flood or a 
higher water level to the proper operating mode of the hydraulic power production. 
Furthermore the comparison of both modelling systems and the analysis of the results 











The main objective of this degree dissertation is the study of the hydrodynamics of the 
Flix Reservoir related to the deposit of industrial waste and its removal. The study will 
be achieved by physical and numerical modelling. 
 
The influence of the enclosure, built to isolate and remove the waste disposal, on the 
reservoir’s hydrodynamics has to be analyzed. To this end the velocity fields in the 
current situation as well as in the situation during works have to be properly modelled 
and characterized in order to determine the induced modifications.  
 
The study aims furthermore to evaluate the results obtained by the two-dimensional 
numerical model by comparing them to results of the physical modelling in order to 
assess the adequacy and accuracy of the numerical model for representing the 
problem. 
 
These objectives will be achieved by the following means: 
- Measurement of the velocity fields in the reservoir of Flix for the actual situation 
(without enclosure) and for the situation during works (with enclosure) by 
physical modelling. 
- Calculation of the velocity fields in the reservoir of Flix for the actual situation 
(without enclosure) and for the situation during works (with enclosure) by 
numerical modelling. 
- Analysis of the results in order to verify the proper functioning of the hydraulic 
reservoir during works, which should make compatible the existence of the 
enclosure with a possible flood. A normal operation of the reservoir used for 
hydroelectric production should be possible. 
- Comparison of the results obtained through physical and numerical modelling 
and evaluation of the correctness and aptitude of the numerical model, 
particularly with regard to the hypothesis of two-dimensionality used by the 
model.  
 
The study questions can be resumed as follows: 
- How will the hydrodynamics of the Flix Reservoir be affected by the enclosure? 
- Is a normal operation of the hydroelectric power plant during decontamination 
works possible?  
- Does the used numerical modelling system, CARPA, correctly simulate 






3 Study context 
 
In this chapter, a brief introduction to the study context is given. First, the Ebro River, 
and its parameters are described. The following chapter is devoted to the town of Flix. 
In the chapter about the dam of Flix, the particularities of the dam and the reservoir are 
illustrated. A presentation of the Ercros manufacture, main responsible for the 
contamination of the reservoir of Flix, and its production facility in Flix follows. Last, a 
summary overview of the reservoir’s contamination is given.  
 
 
3.1 The Ebro River2 
 
The Ebro River crosses the north-eastern tip of the Iberian Peninsula, through the Ebro 
valley, along the southern-facing slopes of the Cantabrian Range and Pyrenees, and 
the northern-facing slopes of the Iberian Massif. It follows a northwest-southeast 
direction, from the Picos de Europa (Cantabrian Mountains), until the Mediterranean 
Sea, into which it pours forming a delta, with a mouth width of 345 m (Figure 1). 
 
 
Figure 1 : Physical map of Spain.3 Scale 1:10’000’000. 
 
                                                 
2 If not otherwise specified, the values given in this chapter are taken from the website of the 
Confederación Hidrográfica del Ebro, Ministerio del Medio Ambiente y Medio Rural y Marino, Gobierno de 
España, 2008, [online]. http://www.chebro.es/. 
3 Background image is taked from Instituto Geográfico Nacional, Ministerio de Fomento, Gobierno de 









The Ebro watershed covers an area of 85’362 km2, of which more than 98 % belongs 
to Spain (84’414 km2, representing 17.3 % of the Spanish territory), and the rest 
belongs to Andorra (445 km2) and France (503 km2). 
With this drainage area and a total length of 910 km, the Ebro is the largest river of the 
Iberian Peninsula and the second longest, behind the Tajo. Its source is in the Pico de 
los Tres Mares (Cantabria) at an elevation of 1’920 m.a.s.l.4 (Figure 2a). It flows 
through the regions of Cantabria, Castilla y León, La Rioja, Navarra, Aragón and 
Catalonia before discharging at sea level in the Ebro delta located in Tortosa 




b)   
Figure 2 : a) Source of the Ebro River in the Pico de los Tres Mares.5 b) Delta of the Ebro 
River in Tortosa.6 Scale 1:750’000. 
 
Over 900 rivers are considered tributaries of the Ebro and have a total length of 12’000 
km (Figure 3). The mean annual precipitation in the region covered by the Ebro River 
varies from over 2’000 mm in the Pyrenees to less than 400 mm in the arid interior. The 
mean annual discharge is between 255 and 424 m3/s.7 The maximum peak flow on the 
Ebro River was 12’000 m3/s in 1907 in Tortosa.8 
 
                                                 
4 Meters above sea level. 
5 Confederación Hidrográfica del Ebro, Ministerio del Medio Ambiente y Medio Rural y Marino, Gobierno 
de España, 2008, [online]. http://www.chebro.es/cuencaDescripcion.htm. 
6 Google Maps, 2009, [online]. http://maps.google.com. 
7 Carrasco, L., Diez, S., Soto, D. X., Catalan, J., Bayona, J. M., Assessment of mercury and 
methylmercury pollution with zebra mussel (Dreissena polymorpha) in the Ebro River (NE Spain) impacted 
by industrial hazardous dumps, Science of The Total Environment, Volume 407, Issue 1, 2008, p. 178 – 
184. 
8 Batalla, R. J., Gómez, C. M., Kondolf, G. M., Reservoir-induced hydrological changes in the Ebro River 
basin (NE Spain), Journal of Hydrology, Volume 290, Issues 1 - 2, 2004, p. 117 – 136. 
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Figure 3 : The Ebro watershed and its main tributaries with a total length of 12’000 km.9 
Scale 1:5’750’000. 
 
3.1.2 Hydrological regime 
The layout of the watershed, draining the southern slopes of the mountain ranges that 
limit the Ebro watershed to the north (Cantabrian Range and Pyrenees) and draining 
the northeast side of the mountains limiting the watershed on the south (Iberian 
Massif), and the location between the Atlantic and the Mediterranean Sea with its 
various influences, lead to the fact that the river is subjected to several distinct 
hydrological regimes.  
 
The hydrological regime designates the variations in the state and characteristics of a 
water body which are regularly repeated in time and space and which pass through 
cyclical variations, e.g. seasonal. The basic hydrological regimes of rivers are glacial, 
nival and pluvial regime, named after the origin of the water: ice, snow or rain.  
 
The Cantabrian tributaries of the Ebro show an oceanic pluvial regime, which affects 
mainly the western Ebro watershed. In the east of this region, the influence of water 
retention in form of snow becomes observable and the hydrological regime transforms 
into pluvio-nival. Snow is the dominant water source of the Pyrenean tributaries. 
Therefore, their water regime is defined as nivo-pluvial. Furthermore, as the river 
progresses eastward, a hint of continentalisation is observable and the influence of 
snowmelt vanishes progressively. Further southeast, the Atlantic influence disappears 
and the Mediterranean continental character is heightened. Therefore, the hydrological 
regime turns into pluvial. The lower reach of the river is regulated by the swamps of 
Riba-roja and Mequinenza and hence, the hydrological scheme is altered. 
 
The sum of these influences blurs the regime of the main collector. This makes the 
Ebro one of the rivers among the Iberian Peninsula with less variability. The global 
                                                 
9 Confederación Hidrográfica del Ebro, Ministerio del Medio Ambiente y Medio Rural y Marino, Gobierno 
de España, 2008, [online]. http://www.chebro.es/lam5.htm. 
 28 
hydrological regime of the Ebro River can be considered as pluvio-nival, a mixed 
regime sharing features of the rain and snow regime.  
 
The Ebro suffers its most frequent floods in the cold season from October to March, but 
sometimes they extend through May; the floods occurring during the cold season are 
usually linked to oceanic rainfall patterns, while those occurring in the spring are the 
result of melting snow in the Pyrenees. The dry season takes place in summer from 
July to October. 
 
The mean annual flow decreased by approximately 29 % during the 20th century due 
to several causes: the construction of dams, the increasing demands for irrigation and 
the higher evaporation (due to low rainfall, high sunshine and strong and dry winds). 
This situation has a direct impact on the deltaic system at the mouth of the river 
because its hydrological dynamics are mainly controlled by the river discharge.  
 
 
Figure 4 : The Ebro River upstream from Flix. 
 
3.1.3 Water regulation 
The Ebro River and its tributaries are regulated by over 187 dams, with a total capacity 
equivalent to 57 % of the total mean annual runoff (Figure 6).10 The main regulating 
structures of the Ebro River are the reservoirs of Ebro, Sobrón, Mequinenza, Riba-roja 
(Figure 5) and Flix (Figure 13). 
 
 
Figure 5 : The Riba-roja dam on the Ebro River, located twenty kilometres upstream from 
Flix. 
 
                                                 
10 Batalla, R. J. et al. (2004), p. 117 – 136. 
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Figure 6 : Reservoirs in the Ebro watershed with a storage capacity higher than 10 hm3.11 
Scale 1:5’750’000. 
 
In addition to a decreased mean annual flow, the increased river regulation in the Ebro 
watershed has produced daily and seasonal changes in the flow pattern. 
 
The sediment load was reduced by more than 97 % during the last century.12 The 
drastic reduction in sediment transport implies a sediment deficit in the delta, which is 
causing the erosion of the coastline. This erosion together with the sinking of the delta 
produced by soil compaction and tectonic subsidence cannot be balanced by the 
deposition of fluvial sediments, nearly all of them retained in the dams. 
 
A fifth of the delta’s surface is protected through the Ebro Delta Natural Park (Parque 
Natural del Delta del Ebro). This site was created by the Generalitat de Catalunya 
(Catalonian government) in 1983 and is the most important wetland in Catalonia, with a 
total area of 7’802 ha. 
 
3.1.4 Water use 
The Ebro water is used in several ways. Below the most important uses are listed: 
- Industrial exploitation: 340 hydropower plants with an estimated concessioned 
water demand of 8’297 m3/s and with an installed capacity of over 3’800 MW 
are located in the Ebro watershed. Three nuclear reactors are sited on the 
banks of the river: the nuclear reactor of Santa María de Garoña and both 
nuclear reactors of Ascó (located five kilometres downstream from Flix), with 
water demands of approximately 100 m3/s. In most cases, the concessioned 
water flows back to the water channel. River water is also used in industrial 
processes, e.g. at the chemical plant Ercros in Flix. This accounts for an annual 
water demand of 470 hm3. 
                                                 
11 Confederación Hidrográfica del Ebro, Ministerio del Medio Ambiente y Medio Rural y Marino, Gobierno 
de España, 2008, [online]. http://www.chebro.es/lam26.htm. 
12 Vericat Querol, D., Sediment transport and processes in a highly regulated river. The lower Ebro, NE 
Iberian Peninsula, Thesis dissertation, Lleida, 2005, p. 11. 
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- Agricultural exploitation: Irrigated areas cover 783’948 ha of the watershed and 
have a water demand of 6’310 hm3 (Figure 7). 
- Urban supplies: Its water demand included the industries of low consumption, 
which are connected to the municipal water networks, is estimated to 319 hm3 
per year. Furthermore, two water transfers extract over 200 hm3 of water yearly.  
 
 
Figure 7 : Main irrigated areas in the Ebro watershed (green).13 Scale 1:5’750’000. 
 
3.1.5 The Confederación Hidrográfica del Ebro 
The Ebro Hydrographic Confederation (Confederación Hidrográfica del Ebro, CHE), 
pertaining to the Ministry of Environment of Spain, is the management agency of the 
Ebro River and its watershed. The CHE was founded in 1926 and is the oldest 
hydrographic confederation in Europe. 
 
The functions of the CHE are specified in Article 25 of the Royal Decree 927/1988, 
which approves the rule of the governmental administration in regulating and planning 
water issues. 
 
The main functions of the Ebro Hydrographic Confederation are: 
- Development, monitoring and review of a river watershed management plan; 
- Administration and control of river watersheds of general interest or affecting 
more than one region; 
- Design, construction and operation of river infrastructures. 
 
 
                                                 
13 Confederación Hidrográfica del Ebro, Ministerio del Medio Ambiente y Medio Rural y Marino, Gobierno 
de España, 2008, [online]. http://www.chebro.es/lam36.htm. 
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3.2 Flix14 
3.2.1 The town of Flix 
Flix is a town in the district of Ribera d'Ebre, in the province of Tarragona in Catalonia 
(Figure 8). The land area of Flix spans over 116.9 km² and the mean altitude is 48 
m.a.s.l. In 2007, the number of inhabitants was estimated at 4’043. 
 
 
Figure 8 : Location of Flix (red bulb).15 Scale 1:3’500’000. 
Located on a loop formed by the Ebro River (Figure 9 and Figure 10), the town 
historically occupied an important strategic position. Situated on the Madrid–Barcelona 
railway line, it expanded in the early twentieth century with the construction of an 
important chemical plant (Electroquímica de Flix, nowadays named Ercros) in 1897 
and of a dam and hydroelectric power plant in 1940. These elements outline the 
industrial profile of Flix. 
 
                                                 
14 If not otherwise specified, the values given in this chapter are taken from the website of the town council 
of Flix, Ajuntament de Flix, 2009, [online]. http://www.flix.cat/. 
15 Google Maps, 2009, [online]. http://www.maps.google.ch/. 
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Figure 9 : The meandrous behaviour of the Ebro river is well manifested in the segment 
upstream the town of Flix.16 Scale 1:500’000. 
 
 
Figure 10 : Ebro River as it passes through Flix. The meandrous behaviour of the river is 
still patent.17 Scale 1:55’000- 
 
3.2.2 Sebes’ nature reserve 
The nature profile of Flix is drawn by the wild fauna nature reserve located in Sebes 
(Figure 11) and the meander of Flix, inhabiting a surface of 200 hectares18. This area of 
a chief fauna and botanical value extends along the river Ebro at passage through Flix. 
It was declared nature reserve in 1995, although since 1992 the area had been 
included in the PEIN (Pla d'espais d'interès natural. In English: Plan for Areas of 
Natural Interest) of the Generalitat de Catalunya.19 It comprises on the one hand the 
                                                 
16 Google Maps, 2009, [online]. http://www.maps.google.ch/. 
17 Idem. 




site of Sebes, upstream of the reservoir of Flix, where it has formed one of the more 
extensive reed beds of Catalonia (Figure 12) and where a riparian forest is conserved 
almost intact. On the other hand, the area extends along the meander of a length of 5 
km. Due to flow regulation, the meander seams mostly like abandoned, with a small 
water depth and modest water flow circulating. 
 
 
Figure 11 : The Sebes’ nature reserve upstream from Flix. 
 
 
Figure 12 : Downstream view of the reed bed belonging to the nature reserve of Sebes. 




3.3 The reservoir of Flix20 
 
The Flix dam is the last barrage on the Ebro and is located around 100 km from the 
river mouth. This gravity dam21, of a height of 26.30 m and a coronation length of 400 
m, was built from 1947 to 1949 (Figure 13, Figure 14 and Figure 15). The normal 
maximum level22 of the reservoir is 41.1 meters above sea level. 
 
                                                 
20 If not otherwise specified, the values given in this chapter are taken from the website of the Centro de 
Estudios y Experimentación de Obras Públicas, 2009, [online]. 
http://hercules.cedex.es/anuarioaforos/embalse-datos.asp?ref_ceh=9802. 
21 In a gravity dam, stability is reached by making the dam of a size and shape that resists overturning, 
sliding or crushing at the toe. 
22 The normal maximum level of a reservoir corresponds to the maximum level at which water can be 
stored indefinitely, equal to the crest level of the spillway. 
 34 
 




Figure 14 : Plan view of the dam.23 
 
 
Figure 15 : Type section of the dam. Values are given in [m]. 24 
                                                 




The water in the reservoir is piped to the hydropower plant by two channels, located on 
the right riverbank (Figure 16). Formerly one of the channels was used for navigation.  
 
 
Figure 16 : Upstream view of the water abstraction channel (left) and the navigation 
channel (right). 
 
The reservoir has a perimeter of 29.06 km, an area of 320 ha, and a storage capacity 
of 11 hm3. The mean annual storage is around 3 hm3 (Figure 17)25 and the mean water 
residence time is of 0.15 days.26 
 
The mean water discharge in the reservoir of Flix is approximately 100 m3/s in summer 
and 600 m3/s in winter.27 Water level fluctuations are moderate in the reservoir; wetted 
width ranges from 300 to 400 m and maximum depth ranges from 9.5 to 12 m.28 
 
 
Figure 17 : Water storage evolution of the reservoir of Flix from 1948 to 2005. The 
historical average is 3 hm3 and the average over the past ten years is 3.3 hm3.29 
 
                                                 
25 Idem. 
26 Carrasco, L. et al. (2008), p. 178 – 184. 
27 Idem. 
28 Idem. 
29 Centro de Estudios y Experimentación de Obras Públicas, Centro de Estudios Hidrográficos, Anuario de 
Aforos, 2009, [online]. http://hercules.cedex.es/anuarioaforos/fichas/EBRO/Embalses/9802.pdf. 
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The hydroelectric power station of Flix is operated by Fecsa, the Catalonian subsidiary 
of Endesa, which is Spain’s largest electricity company. 
 
 
3.4 The Ercros’ manufacture30 
 
Ercros is an industrial group focused on manufacture and marketing of basic products 
for the chemical and pharmaceutical industries, as well as for the plastics, swimming 
pool water treatment and animal feed sectors. Ercros is the leading non-petrochemical, 
non-multinational chemical company in Spain. Today the company has a workforce of 
over 2’000, spread across 15 production facilities.  
 
3.4.1 The Ercros’ production facility in Flix 
The Flix plant, inaugurated in 1899 is the longest established Ercros’ production facility 
(Figure 18). It was founded 1897 under the name Sociedad Electroquímica de Flix. 
This chemical complex was a pioneer in the basic chemicals sector in Spain. In the 
later seventies it became a limited liability company with Cros S.A., following years 
later the merger of Cros S.A. and Unión Explosivos Río Tinto and finally the creation of 
the current Ercros. 
 
The plant’s production activities are currently focused on the manufacture of chlorine 
and caustic soda, chlorine derivatives, chlorinated solvents and dicalcium phosphate. 
Its business activities cover two Ercros divisions: basic chemicals and animal feed. 
Nowadays, with a workforce of 380, the plant produces over 740’000 tonnes of 
chemical products per year.  
It also owns, since 1996, a wastewater treatment plant, which treats liquid effluent from 
the chlorine and dicalcium phosphate plants.  
 
 
Figure 18 : The Ercros production facility in Flix situated on the right riverbank, 
immediately upstream from the dam. 
 
 
3.5 The pollution in the reservoir of Flix  
 
In the history of industrialization many instances of soil contamination and contaminant 
sediments can be found. Several cases of man caused pollution exist and persist in the 
Ebro watershed, submitted to industrial, urban and agricultural development. In the 
case of the reservoir of Flix, the circumstances are not different. 
 
                                                 
30 If not otherwise specified, the values given in this chapter are taken from the website of the Ercros 
manufacture, ERCOS, Chemical company, 2009, [online]. http://www.ercros.es/. 
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3.5.1 Quantification of the pollution  
The reservoir of Flix retains a large amount of sludge, about 920’000 tons of dry 
matter.31 The sediments origin is the following: 
- Historical discharges from the activity of the Ercros’ facility. Hazardous 
industrial solid waste was dumped by the factory into the riverbed. 
- Modifications in the dynamics of the Ebro River due to anthropogenic changes 
resulting from the construction of the dams of Mequinenza, Riba-roja and Flix. 
These changes are responsible for the accumulation of river sediments and 
debris carried from the upper course of the river. 
 
Stored waste is made up of chemical compounds with high concentrations of 
contaminants in a mixture with inert waste. Appreciable amounts of organochlorine 
compounds, heavy metals and radionuclides have been detected. 
 
Spanish legislation on discharges has evolved over time towards more demanding 
requirements, which constrain waste producers to increasingly strict limits. However, 
the sheer accumulation of authorized or, in the absence of regimentation, not forbidden 
historical discharges created and maintained a volume of waste that jeopardises the 
Ebro River ecosystem. 
 
The river quality under normal conditions is not affected by the pollutants, but there 
were some single episodes in which the tolerance limits were exceeded. These 
situations coincided with natural phenomena such as flooding or sudden temperature 
changes. These mechanisms may trigger the pollutants stored in the reservoir, migrate 
downstream and spread affecting people or sensitive ecosystem elements. 
 
3.5.2 Background 
The existence of the waste in the reservoir of Flix was well known to many people. 
Nevertheless, it was only on the September 9, 2004, when the Catalonian television 
TV3 made public a report financed by the Interdepartmental Council of Research and 
Technological Innovation and the Catalonian Water Agency, both belonging to the 
Environmental Department of the Catalonian government, that the severity of the 
problem was admitted. The report had been carried out on November 2003 by the 
Consejo Superior de Investigaciones Científicas (CSIC. In English: Spanish National 
Research Council) and the Autonomous University of Barcelona. 
The report Estudio de la dinámica de los compuestos organoclorados persistentes y 
otros contaminantes en los sistemas acuáticos continentales (In English: Study of the 
dynamics of the persistent organochlorine compounds and other pollutants in the 
continental aquatic systems), evaluated and quantified for the first time, the amount of 
residues present in the reservoir of Flix.32 In this study high concentrations of 210Pb, 
226Ra, 238U and other radionuclides of the decay chain of 238U were found. Furthermore, 
high concentrations in heavy metals, like mercury, cadmium, chromium and nickel were 
present. High concentrations were found as well in the family of the organochlorine 
compounds: hexachlorobenzenes, polychlorinated biphenyls, dichloro-diphenyl-
trichloroethane, and many others.  
 
                                                 
31 Ministerio del Medio Ambiente y Medio Rural y Marino, Aguas de las Cuencas Mediterraneas S.A., 
Eliminación de la contaminatión química del embalse de Flix. 1ª Fase, Tarragona, 2007, [online]. 
http://www.mma.es/secciones/acm/aguas_continent_zonas_asoc/actuaciones_proyecto_aguas/informes/p
df/conflixf.pdf. 
32 Grimalt, J. O., Riesgos de los fangos acumulados en el embalse de Flix en el tramo bajo del Río Ebro, 
Congreso Nacional del Medio Ambiente, Departamento de Química Ambiental, Instituto de Diagnóstico 
Ambiental y Estudios del Agua, Consejo Superior de Investigaciones Científicas, 2009, [online]. 
http://www.conama9.org/conama9/download/files/JTs/789646_doc_JGrimalt.pdf. 
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The public administration decided to initiate a process to design, analyze, develop, 
compare and select alternative actions to correct and prevent or mitigate the 
environmental transmission of these harmful elements.33 A monitoring committee of the 
pollution of the Flix Reservoir and a technical commission were created.  
 
To define a safe procedure of waste extraction, many studies were carried out. The 
description of the work to be done to decontaminate the reservoir of Flix and the main 
results obtained have been collected in more than 60 reports and a dozen doctoral 
dissertations.34 The research group FLUMEN carried out the study35 of the hydraulic 
dynamics in the reservoir. For this purpose, a two-dimensional mathematical model of 
the hydraulic system was developed. The particular features of the reservoir’s flow 
advised the construction of a physical model and a field campaign to verify and 
complement the numerical simulations. Besides them, a degree dissertation student, 
Raül Carmona Gàlvez carried out a more exhaustive physical modelling36. The present 
project is partly based on both before mentioned studies. 
 
On October 26, 2005, the monitoring committee approved the proposal of the technical 
commission and adopted a procedure of decontamination.  
 
3.5.3 The procedure of decontamination 
The procedure of decontamination consists in the isolation and protection of the site 
where the contaminated sludge is deposited, the extraction, processing, transportation, 
storage and disposal of the waste, as well as the in the replacement and restoration of 
the water channel.  
 
The isolation of the area where contaminated soils are located consists of a double 
sheet pile wall of closure against the right bank of the reservoir. The double row of 
piling has an approximate length of 1’300 m, a variable height between 14 and 16 m 
and a width of 6 m, covering an area of 43’456 m2.37  
 
It is the influence of this enclosure on the hydrodynamics of the reservoir that has to be 
studied in this degree dissertation. 
 
The removal of the stored sediments in the bottom of the channel is complicated due to 
following circumstances:  
- Most of the sediments to be extracted are submerged. 
- The residues are located in a river with an important discharge. 
- If not done with caution, the extraction can mobilize the sediments. 
 
                                                 
33 Bitrián, F. H., Mañueco Pfeiffer, M. G., Ballesteros Fernández, G., De Andrés, R., Trelles, M.,  
Contaminación del embalse de Flix, III Congreso de Ingeniería Civil, Territorio y Medio Ambiente. Colegio 
de Ingenieros de Caminos, Canales y Puertos, 2006, [online]. 
http://www.ciccp.es/biblio_digital/Icitema_III/congreso/pdf/010104.pdf. 
34 Grimalt, J. O., (2009).  
35 Flumen, Estudio hidráulico (en modelo numérico y físico) de las actuaciones a realizar en el embalse de 
Flix, en relación al depósito de residuos industriales ubicado en su margen derecha, Universitat 
Politècnica de Catalunya, Barcelona, November 2006. 
36 Carmona Gàlvez, R., Estudi experimental del funcionament hidràulic de l’embassament de Flix, en 
relació al dipòsit de residus industrials ubicat al seu marge dret, Tesina, Universitat Politècnica de 
Catalunya, Barcelona, May 2008. 
37 Ministerio del Medio Ambiente y Medio Rural y Marino, Programa A.G.U.A.. Actuaciones para la Gestión 




The proposed solution is intended to remove sediments in a secure way and manage 
them in compliance with current regulations.  
 
This project responds to the principles of the A.G.U.A. (Actuaciones para la Gestión y 
Utilización del Agua. In English: Actions for the Management and Use of Water) plan of 
the Ministry of Environment, which includes measures for improvement in management 
and water supply.38 Under these performances, and as urgent priority, different 
proceedings related to the Mediterranean coast have been launched. The removal of 
the chemical contamination in the Flix Reservoir belongs to these proceedings. 
 
Acuamed is the main instrument of the Ministry of Environment for the development of 
the A.G.U.A. plan for the Mediterranean watersheds. Thus, the corporation Acuamed 
(Aguas de las Cuencas Mediterráneas. In English: Water of the Mediterranean 
watersheds) is aimed at hiring, construction, acquisition and exploitation of all kinds of 
hydraulic works in proceedings carried out in the different Mediterranean watersheds, 
to which belongs the Ebro River. Acuamed studied the different bids for the 
decontamination of the Flix Reservoir. The works were awarded to the joint venture 
formed by FCC Construcción and FCC Ámbito.  
 
The decontamination process of the reservoir of Flix has a total duration of three years 




                                                 
38 Idem. 
39 Agroinformación, Las obras de descontaminación del embalse de Flix tendrán unas rigurosas medidas 






4 Physical modelling methodology 
 
This chapter is dedicated to the methodology used for the physical modelling. First, the 
physical modelling and its characteristics are presented. Second, the instrumentation of 
the physical model allowing measurements is shown. The calibration of the measuring 
equipment and data recording is explained thereafter. Last, the processing mode of 
raw data is elucidated. 
 
 
4.1 Characterization of the physical modelling 
 
4.1.1 Physical models 
Instrumented physical models are the most effective way of investigating fluid flows 
such as the flows around hydraulic structures. These models are similar in terms of 
geometry and important forces. Similitude is a concept used in the testing of physical 
models. A model is said to have similitude with the real application (the prototype) if the 
following criteria are fulfilled:  
- Geometric similarity: The model is the same shape as the application, usually 
scaled. 
- Kinematics similarity: Fluid flow of the model and the real application must 
undergo similar time rates of change motions. 
- Dynamic similarity: Ratios of all forces acting on corresponding fluid particles 
and boundary surfaces in the two systems are constant. 
 
Since the physical properties such as density, specific gravity or viscosity would 
change with the scale factor, it is not possible for a physical model to entirely respect 
the similitude. If gravitational forces are predominant, as is the case in hydraulics works 
and fluvial engineering, the semblance of Froude is used. In this case, prototype and 
model have the same Froude number40 and the scale of gravity between the prototype 
and the model is equal to 1. 
 
The reduced model allows the realization of experimental measurements of a 
determined magnitude and those, following the scale relations know the same 
magnitudes in the prototype. The most useful scales of similarity deduced from the 











                                                 
40 The Froude number is a dimensionless number comparing inertial and gravitational forces. 
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Table 1 : Scale factors derived from the Froude semblance.41 
Parameter Abbreviation Scale formula 








Length l  elprototype lEl mod  













4.1.2 Physical model of the reservoir of Flix 
As mentioned before, the particular features of the reservoir’s flow advised the 
construction of a physical model. The research group FLUMEN owns a physical model 
laboratory at the campus of the Technical University of Catalonia. Inside there are 
several physical models that allow the study of hydraulic phenomena; one of them is a 
replication of the reservoir of Flix (Figure 19). The different models are fed by a closed 
water loop, regulated through valves and distributed by a pump of 100 l/s, of 200 l/s, of 
300 l/s or a combination of these pumps. 
 
 
Figure 19 : Aerial picture of the FLUMEN’s physical model laboratory at the Technical 
University of Catalonia.42 The blue line delimits the physical model of the reservoir of Flix 
(35 m length x 7 m width). The enclosure with a semi-elliptical form is perceptible. 
                                                 
41 Martín Vide, J. P., Ingeniería de Ríos, Universitat Politècnica de Catalunya, Barcelona, 2002, p. 314. 
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The prototype of the studied region is given in Figure 20. The physical model in the 
laboratory is a 1:45 reproduction of the prototype and consequently, the scale factor E 
is equal to 45.  
 
 
Figure 20 : View of the studied river stretch.43 The area replicated in the physical model is 
delimited by the blue square. Scale 1:15’000. 
 
The bathymetry of the reservoir of Flix and the topography of the reservoir’s 
environment at prototype scale (Figure 21) were carried out by the Centro de Estudios 
y Experimentación de Obras Públicas (CEDEX. In English: Center for Studies and 
Experimentation of Public Works). The bathymetry reading was conducted by 
measuring from a boat. These measures were interpolated to obtain contour lines and 
then transformed into a digital terrain model44. This model was then used for the 






















Figure 21 : Bathymetry of the reservoir of Flix. The big black square indicates the 
location of the solid waste disposal and the small black square indicates the presence of 
a submerged weir. Scale 1:15’000. 
                                                                                                                                               
42 Background image is taked from Google Maps, 2009, [online]. http://maps.google.com. 
43 Idem. 
44 A digital terrain model is a digital representation of ground surface topography or terrain. 
Ercros 
Solid waste disposal Dam 
Water channels 
Sebes’ nature reserve  
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The physical model is of fixed bed (no erodible). It consists of the Flix dam (Figure 22), 
with its eight gates (Figure 23a and Figure 23b), the two water channels on the right 
riverbank that correspond in reality to the water abstraction channel and the navigation 
channel, which provide water to the hydroelectric power station (Figure 24) and a 
stretch of the river corresponding to about 1’300 m upstream. 
 
 





Figure 23 : a) Front and b) back view of the floodgates. 
 
 





Figure 25 : Top of the physical model. To avoid as far as possible a turbulent regime, 
water passes through several brick walls before entering the physical model. 
 
4.1.3 Geometry, discharges and boundary conditions 
Geometry 
Two geometries have to be studied during physical modelling. One of them 
corresponds to the current situation (without enclosure, Figure 26a) and the other 
corresponds to the geometry for the period of works (with enclosure, Figure 26b).  




Figure 26 : a) Downstream view of the physical model without enclosure. b) Downstream 
view of the physical model with enclosure. 
 
The geometry of the current situation is reflected in Figure 27. The influence of a 
submerged weir (small black square) and of the waste disposal (big black square) on 
the morphology of the channel can be observed. This deposit is protected from the 
erosive action of the river by the presence of the weir. Without the weir (and obviously 
without the reservoir’s dam), the amount of residual waste would probably be lower. 
Figure 27 also shows that the combined action of the submerged weir and the deposit 
of sludge have led to the existence of preferential path flow in the channel next to the 




Figure 27 : Bathymetry (top) and longitudinal profile of the bottom of the reservoir 
(bottom) in the current situation. The big black square indicates the location of the solid 
waste disposal and the small black square indicates the presence of a submerged weir. 
The given scales are in [m].45 
 
The geometry of the situation during the decontamination works is the result of 
incorporating to the current geometry a double sheet pile wall forming an enclosure. 
This enclosure will isolate the site affected by the works. Figure 28 shows a plan view 
of the enclosure. The blue line represents the outer limit of the corresponding 6 m wide 
wall, located between two parallel sheet pile walls. The outer limit of the solid waste 
disposal is given through the red line.  
 
 
Figure 28 : Geometry during works. The blue line is a plan view of the enclosure and the 
red line delimitates the waste disposal. The black line indicates the axis used in this 
study (the origin (0,0) of the abscissa for each transversal section and over this it is the 
main flux direction in the reservoir).46 Scale 1:10’000. 
                                                 
45 Flumen (2006), p. 9. 
46 Flumen (2006), p. 10. 
Boundary numerical model 
Boundary physical model 
      Ground level 
Submerged weir 
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The geometry of the enclosure has been defined according to two main requirements: 
the resulting enclosure must contain the waste deposit (or mostly of them) and the 
hydrodynamical behaviour of the river with enclosure must be acceptable. The 
proposed geometry is the result of many iterations made by the research group 
FLUMEN in acquiescence with Acuamed. It is to notice that outside the enclosure 
given by this geometry, there is an area affected by the discharges. If the whole 
affected zone would have been integrated to the enclosure, the channel for the river 
flow would have been too narrow. 
 
The studied area has been divided into 40 transversal sections (Figure 29, Appendix 
2), with a separation between them of 36 m at prototype scale and which are normal to 
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Figure 29 : Transversal sections in the studied area. Scale 1:12’000. For aggrandisement 
refer to Appendix 2. 
 
To undertake the velocity measurements in the physical model, 5 of the 40 sections 
have been chosen (Figure 30). The choice of these sections is based on the actual and 
the future geometry. The five most representative sections are considered to be 
transversal sections 8, 17, 22, 26 and 28. Section 8 is placed at the beginning of the 
enclosure, section 17 is located in the middle of the confined area, sections 22 and 26 








Figure 30 : Zoom on the chosen transversal sections. The points on the sections 
correspond to the verticals of measures. 
 
To contrast the accuracy of the results obtained by physical modelling, the field velocity 
measurements carried out by the research group FLUMEN in the reservoir of Flix on 
March 15, 2006 will be used. During the field campaign, vertical velocity profiles were 
measured and located by GPS. The measures were taken from a boat, which was 
subjected to the river current. Thus, the measured points are on a zigzag pattern. In 
order to compare it to measurements on the physical model, they have to be linearised 
on a transversal section. For this purpose, the function droitereg of the software Excel 
is used. This function calculates the statistics for a line by the method of least squares. 
The obtained coordinates correspond more or less to sections 17 and 26. Therefore, 
two additional sections are used: field section 17 and field section 26. These two 
sections have the same shape as sections 17 and 26 respectively, but the chosen 
measuring verticals inside the sections are different. The tests carried out in these 
sections are focused in reproducing the field measurements. Thus, the velocities are 
measured in the same verticals. 
 
Discharges 
The discharges used for the study of the hydrodynamics of the reservoir of Flix in 
steady state47, both without and with enclosure, are 400 and 1’150 m3/s at prototype 
scale. 400 m3/s correspond to the average discharge of the Ebro River as it passes 
through Flix and furthermore it corresponds to the maximum possible flow through the 
turbines of the dam. 1’150 m3/s correspond to a flood discharge. This flood discharge 
corresponds furthermore to the controlled flood discharges48, which are carried out 
once per year by the main operator of the Ebro River dams, Endesa. At model scale, 
these discharges equate to 0.0294 and 0.0847 m3/s respectively. 
 
Boundary conditions 
As a boundary condition, upstream flow is assumed to be uniformly distributed across 
the width of the reservoir. With the help of numerical simulations, carried out by the 
research group FLUMEN, which included a longer stretch of the reservoir, the 
goodness of this assumption was demonstrated. Indeed, imposing significant variations 
in the flow pattern in the upper reservoir stretch did not show substantially changes in 
                                                 
47 A mouvement is said to be in steady state if the mean and the point velocities as well as the depth 
remain invariable in magnitude and direction over time. 
48 The controlled flood discharges are carried out to reduce the progressive invading of the river 
ecosystem by the zebra mussel, an invading species. 
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the flow characteristics of the area affected by the waste, and was very similar to the 
flow characteristics obtained with a uniformly distributed flow.  
 
Downstream, for a subcritical flow49, as it is the case for the studied conditions, only 
one boundary condition is needed. Depending on the studied discharge, either one or 
the other option must be considered: 
- Water level immediately upstream of the dam, together with a given discharge 
through the hydroelectric turbines. 
- Water level immediately upstream of the dam, together with a given discharge 
through the hydroelectric turbines and another discharge through the opened 
floodgates. 
 
The water level immediately upstream of the dam is furnished by Endesa and 
corresponds to is 41.1 m.a.s.l. (at prototype scale, Figure 31a and Figure 31b).  
 
a)  b)  
Figure 31 : a) System to check the water layer height immediately upstream of the dam, a 
boundary condition. The water level has to reach the tip of the screw. b) Check system 
placed in the physical model. 
 
Inflow into the model is regulated by a reservoir (Figure 32) with an outlet in form of a 
triangular-notch thin-plate weir. The required discharge can be achieved by meeting 
the water level marked on a stream gauge placed in the reservoir (Figure 33a and 
Figure 33b).  
 
 
Figure 32 : Weirs regulating the volumetric discharge conveyed to the physical model. 
 
                                                 
49 A flow can be classified as subcritical or supercritical by comparing the ratio of inertial and gravitacional 
forces (Froude number). If the inertial forces are predominant, the flow is said to be subcritical (Froude 
number less than 1), otherwise the flow is supercritical (Froude number higher than 1). 
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a)   b)  
Figure 33 : a) Stream gauge for the measurement of the volumetric discharge conveyed 
to the physical model. b) View of the excess water pool. In the laboratory, three water 
pumps of respectively 100, 200 and 300 l/s are available. If less water has to be conveyed 
to the physical model, the excess water is separated and redirected to the water tank. 
 
Outflow can quit the model through the water abstraction channel (going to the 
hydroelectric turbines), the navigation channel (going to the hydroelectric turbines) or 
the floodgates. The maximum possible flow through the turbines is 400 m3/s.  
 
For a discharge of 400 m3/s at prototype scale, all water is used for power generation 
and leaves the physical model through the water abstraction channel (266.67 m3/s, 
equivalent to two thirds of the discharge) and the navigation channel (133.33 m3/s, 
equivalent to one third of the discharge). After passing through the channels, water 
goes into two flow control reservoirs, where a thin-plate weir of V-notch type is placed 
(Figure 34). The requested discharge on each channel can be achieved by meeting the 
water level marked on a stream gauge placed in the reservoir. 
 
 
Figure 34 : Front view of the flow control reservoirs where water goes after passing 
through the water abstraction channel and the navigation channel. In the middle of each 
tank, a brick wall is constructed in order to restrain turbulence, and thus ensuring a 
greater precision in the measurement of the water layer height and therefore the flow. 
 
Equations to calculate the height of the water layer in a V-notch weir, and thus the 
discharge, have become somewhat standardized50, suggest using the Kindsvater-Shen 
equation51: 
 
                                                 
50 ISO 1438-1, Water flow measurement in open channles using weirs and Ventura flumes. Part 1: Thin-
plate weirs, (unknown), 1980. 
51 LMNO, Engineering Research and Software Ltd., Open Channel Flow Measurement Software 









  , where 
Q: discharge [m3/s]; 
g: gravitational acceleration (9.81 [m/s2]); 
C: discharge coefficient [-], with 
261010393334.630008744669.0607165052.0  C ; 
 : notch angle [in degrees]; 
h: head [m]; 
k: head correction factor [-], with 
3826 1006215442.11029819003.350003395553.00144902648.0   k .  
 
The formula used in the FLUMEN’s laboratory is: 
2
5
366.1 hQ    
 
Thus, since the relationship between flow and water level is unique and unambiguous, 
the weir serves as discharge measuring device. 
 
The different relations are given in Table 2. 
 

































 Q Qprototype Qmodel h h0 hstream gauge 
 [m3/s] [m3/s] [m3/s] [m] [m] [m] 
400 400 0.0294 0.2155 0.2024 0.4179Weir 
regulating 
discharge 1’150 1’150 0.0847 0.3288 0.2024 0.5312







1’150 266.67 0.0196 0.1832 0.1830 0.3662
400 133.33 0.0098 0.1389 0.1670 0.3059Control reservoir 
after the 
navigation 
channel 1’150 133.33 0.0098 0.1389 0.1670 0.3059
 
For a discharge of 1’150 m3/s at prototype scale, the difference between the amount of 
water used for electricity production and the excess water must be evacuated through 
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the floodgates. The difference is equal to 750400150'1   m3/s. This amount equates 
to 0.0552 m3/s at model scale. 
 
The flow below a sluice gate in a prismatic rectangular channel of width b is calculated 
as follows: 
12 hgbaCQ d   (Torricelli formula), where 
Q: discharge [m3/s]; 
a: sluice gate opening height [m], with 
cC
ha 2 , where h2 is the head after the sluice 
gate and Cc is a contraction coefficient. For 0a : 611.0cC ; 
Cd: discharge coefficient [-]. If 1ha  , then cd CC  ; 
b: channel width [m]; 
g: gravitational acceleration (9.81 [m/s2]); 
h1: head before the sluice gate [m]. 
 
Thus, at prototype scale, for a total discharge of 1’150 m3/s in order to evacuate the 
excess discharge of 750 m3/s, with floodgates of a width 96.23b  m and a water 
height 1.111 h  m, floodgates opening height a must be equal to 3.47 m or 0.0771 m 
at model scale. This total opening height is distributed among the floodgates as seen in 
Table 3. 
 
Table 3 : Relationship between discharge and floodgates opening height at model scale 
(C: closed). Values are given at model scale. 
Floodgate Discharge 
1 2 3 4 5 6 7 8 
[m3/s] [m] 
0.0294 C C C C C C C C 
0.0847 C C C C 0.0193 0.0193 0.0386 C 
 
For measurements in the physical model, steady state has to be ensured. To avoid 
disturbances and to make certain stability, water flows through the model during 90 
minutes before measuring. 
 
 
4.2 Instrumentation of the physical model 
 
Measurements on the physical model consist of velocity recording with an acoustic 
Doppler velocimeter (Figure 41, described more in detail in chapter 4.2.2). This 
measurement equipment is fixed to an arm, that can move along the vertical direction 
and that, in turn, is fixed to a cart, that can move along the horizontal direction, 
transversally to the river (Figure 35). This cart is fixed on a girder that can be placed on 
any transversal section of the riverbed model (Figure 36). This system is controlled by 
an automatic positioner (detailed description in chapter 4.2.1), which allows through a 
simple interface programming the different measurement series for each transversal 
section (Figure 39).  
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Figure 35 : Arm and cart allowing triaxial displacements. 
 
 
Figure 36 : Girder on which the cart moves transversally to the river. 
 
4.2.1 Automatic alignment device 
The automatic positioner consists of a box mechanism (Figure 37 and Figure 38) that 
puts in motion two independent engines, one for the horizontal movement of the cart 
(x-axis) and the other for the vertical motion of the arm (z-axis). 
 
 
Figure 37 : Automatic alignment device and laptop used for the operation of the 
positioner and the velocimeter. 
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Figure 38 : Front and back view of the automatic alignment device. 
 
This box mechanism can be operated manually or automatically through computer 
software (Figure 39).  
 
 
Figure 39 : Interface of the automatic alignment software. 
 
The measuring verticals on a transversal section are selected as a function of the 
bathymetry. They are chosen more or less uniformly distributed throughout the section 
and considering the specific characteristics of the profile, such as slope breaks, etc. 
Unfortunately, the bathymetry of the physical model does not exactly match with the 
bathymetry of the prototype. Before measurement series could be programmed, a 
bathymetric manual reading was conducted on the physical model.  
 
Once the measuring verticals are selected and the bathymetry was read, the verticals 
and the points on the verticals to be measured are programmed in a notepad file, but 
saved as *.ptx files. The first file row gives the velocity at which the automatic 
positioner should move (the standard velocity is equal to 1). The subsequent file rows 
consist of the x-coordinate, the y-coordinate and the length of time that this command 
will be executed.  
 
On the physical model, the alignment device is first placed manually at the origin (0,0) 
of the transversal section and moved up to 30 mm above the bottom of the river model 
bed. At this point the automatic alignment software is set to zero. Thereafter this point 
will correspond to the coordinates 0,0 of the positioner. After, the programmed *.ptx file 
corresponding to the section is called. The automatic alignment software reads row by 
row and executes gradually the line commands.  
In all programmed measurement series, the positioner first rises to 400 mm above the 
origin, then it moves to the measuring vertical closer to the left riverbank. Once there, it 
descends to the bottom (which will be 30 mm above the bed). At this point and after 30 
seconds, the recording device of the velocimeter (described more in detail in chapter 
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4.3.3) is triggered manually and measures the velocity of water at this position during 
120 seconds. After 30 seconds, the device will rise 20 mm and the same process of 
data recording will be performed. This will last until the velocimeter is not longer 
covered by the water layer (about 30 mm distant from the surface). All points measured 
on the same x-coordinate form a “vertical of measures”. At this point the positioner will 
go back again to 400 mm and move to the second measuring point and so on. For an 
example of a *.ptx file refer to Appendix 3. 
 
 
Once the displacement programmed, the velocimeter moves automatically. For this 
reason, a limit switch (Figure 40) is placed at the end of the velocimeter and prevents 
any type of damage on the head of the velocimeter through a possible contact with the 
physical model bed, the margins or the enclosure wall. 
 
 
Figure 40 : Back view of the head of the velocimeter and the limit switch. The limit switch 
reaches the soil 30 mm before the velocimeter does. Being switched, it breaks the 
electrical contact and the electromechanical motion of the positioner is stopped. 
 
As will be seen later, during physical modelling, two different velocimeters were used. 
With the second one, a down-looking velocimeter, the limit switch could not be placed 
due to the configuration of the velocimeter. Furthermore, the automatic positioner was 
found not to be very precise on movements in vertical direction. For those reasons, the 
velocimeter was finally moved manually to each measured vertical bottom. 
 
4.2.2 Velocity measurement instrument52 
Acoustic Doppler velocimeters (ADVs) are widely used for laboratory and field 
measurement of 2- and 3-dimensional flow velocities, amongst others in physical 
models. The primary data stream provided by an ADV is a time series of velocity 
components. 
In the studied physical modelling, an acoustic Doppler velocimeter Vectrino of the 
enterprise Nortek AS is used (Figure 41).  
 
                                                 
52 If not otherwise specified, the values given in this chapter are taken from Nortek AS, Vectrino 
Velocimeter, User Guide, Norway, October 2004. 
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The Doppler effect (or Doppler shift), named after the Austrian physicist Christian 
Doppler who proposed it in 1842, is the change in frequency and wavelength of a wave 
for an observer moving relative to the source of the waves. The received frequency is 
increased (compared to the emitted frequency) during the approach, it is identical at 
the instant of passing by, and it is decreased during the recession. 
 
For waves that propagate in a medium, such as sound waves, the velocity of the 
observer and of the source is relative to the medium in which the waves are 
transmitted. The total Doppler Effect may therefore result from motion of the source, 
motion of the observer, or motion of the medium.  
 
The operating principle of an acoustic Doppler velocimeter is the following: A pulse is 
emitted by a transmitter, and the Doppler shift (or phase difference) introduced by the 
reflections from particles suspended in the water, is picked up by a receiver and 
transformed to current velocity. Velocities can be measured in any body of water 
containing suitable acoustic scatterers, or scattering particles may be added to the 
flow. Scatterers are particles in the flow (typically zooplankton or suspended sediment) 
that reflect acoustic signals back to the probe receivers. The ADV probe actually 
measures the velocity of the scatterers in the flow, but these small particles move with 
the same average speed as the water – the velocity it measures is consequently the 
velocity of the water. 
 
The magnitude of the phase difference is proportional to the flow velocity. The phase 
difference can be positive or negative, allowing ADVs to measure both positive and 
negative velocities. The limits of the measurement range are the velocities 
corresponding to phase differences of ±180 °. Because positive phase angles greater 
than 180 ° cannot be distinguished from negative phase angles between -180 ° and 0 
°, if the phase angle is greater than 180 ° it will be seen as a negative phase angle 
between -180 ° and 0 °, and will be incorrectly interpreted as negative velocity. 
Similarly, phase angles less than -180 ° are interpreted as positive phase angles and 
positive velocities. As a result, when the flow velocity approaches the limits of the 
measurement range, it is possible for the probe to report velocities that alternate from 
large positive to large negative values and vice-versa. This behaviour is known as 
aliasing, and erroneous velocities reported by the probe when operating in this range 
are called velocity ambiguities. Identifying and eliminating velocity ambiguities is critical 
to obtaining accurate results when measuring flow velocity with an ADV. 
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Acoustic Doppler velocimeter Vectrino from Nortek AS 
The acoustic Doppler velocimeter used for this physical modelling was developed by 
Nortek AS, a scientific instrumentation company that develops and distributes water 
velocity instruments. The Nortek AS products are based on the acoustic Doppler 
principle and span from single point turbulence sensors to long range current profilers.  
 
In contrast to standard Doppler profilers and currentmeters, an acoustic Doppler 
velocimeter Vectrino is a bistatic sonar. This means that it uses separate transmit and 
receive beams. It transmits through a central beam and receives through four beams, 
each mounted inside a receiver arm and all focused on the same volume, to obtain the 
three velocity components from that very volume.  
 
Two main types of beam configurations exist, a side-looking probe and a down-looking 
probe. The main difference is the orientation of the transmitter and receiver beams, 
which leads to some variations. 
 
The side-looking probe has four beams, two in the horizontal and two slanted 65 
degrees from the vertical. vX and vY velocities are formed with the two horizontal beams 
(Figure 42a and Figure 42b). In this way, the slanted beams are not used to measure 
the horizontal velocity components; hence the probe can act as a 2D system even in 
shallow water. To measure the vertical velocity component, vZ, the information from all 
four beams has to be combined. However, there is no meaningful way to form two 
independent vZ estimates (Figure 42c). 
 
a)  b)  c)  
Figure 42 : a) Front and b) side view of the head of a side-looking Vectrino with the 
central beam and the four receiver beams mounted on lateral arms. The red ring gives 
the x-axis direction. c) Coordinates system of a side-looking Vectrino. 
 
Side-looking probes are more robust to operate than down-looking ones, especially in 
high flow environments. Furthermore, they are well suited for use in wave flumes and 
have a higher instrument noise in the vertical than in the horizontal axis. However, 
side-looking proves have an awful response to flow coming "from behind" the probe. 
 
The down-looking probe has four beams too, which are oriented downwards (Figure 
43a). The arm with the red marking defines the x-direction. The z-direction is towards 
the electronics of the Vectrino (Figure 43b). 
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a)   b)  
Figure 43 : a) View of the head of a down-looking Vectrino with the central beam and the 
four receiver beams mounted on lateral arms. The red ring gives the x-axis direction. b) 
Coordinates system of a down-looking Vectrino. 
 
The down-looking probe provides a secondary independent measure of the vertical 
velocity, vz. vZ1 and vZ2 should be similar or equal. Furthermore, down-looking probes 
can get a few millimetres closer to the bottom than side-looking probes. Moreover, they 
have a better 3-dimensional response than the side-looking probe and have the lowest 
noise in the vertical direction. 
 
Figure 44 shows how the beams intersect each other 50 mm from the transmitter. The 
transmit transducer sends a short pulse that covers 3 – 15 mm vertically (user 
adjustable), and the receivers listen to an echo that corresponds from this volume 
(sampling volume). The diameter of the volume is 6 mm.  
 
 
Figure 44 : Sampling volume of the velocimeter. The sampling volume for a side-looking 
Vectrino is shaped in the same way but side-oriented instead of down-oriented. 
 
The Vectrino velocity is an average of many velocity estimates (called pings). The 
uncertainty of each ping is dominated by the short-term error, which depends on the 
size of the transmit pulse and the measurement volume. Measurement uncertainty is 
reduced by averaging together many pings. There is a limit to how much uncertainty 
can be reduced. This limit is called the long-term bias and depends on internal signal 
processing, especially filters, and on the beam geometry. The long-term bias in a 
Vectrino is typically a fraction of 1 cm/s (or ± 0.5 % of the measured value).  
While the output sampling rate is between 1 and 200 Hz, the internal sampling rate 
goes from 200 to 5’000 Hz. The Doppler uncertainty (or noise) at 25 Hz equates 1 % of 
the velocity range. 
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Although the probe is inserted into the flow, the sensing volume is several centimetres 
away from all physical parts of the probe, so the presence of the probe generally does 
not distort the measurement. All acoustic transducers should be submerged during 
data collection. Operating with the transducers out of water will not cause damage, but 
the obtained data will be meaningless. 
 
The research group FLUMEN owns a side-looking Vectrino. The first obtained results 
with this velocimeter showed velocity components on the x- (oriented perpendicular to 
the flux) and z-axis (orthogonal to the x-y-plane) much higher than expected. Since this 
velocimeter had not been used at least a year before this physical modelling was 
carried out, an external technician was called to check the device. During this 
verification, a down-looking Vectrino was borrowed and measures were continued. 
After the check, the side-looking Vectrino of the research group FLUMEN was still not 
in perfect condition, but sufficiently acceptable to avoid sending it to Norway for repair. 
According to the technician, only the values measured in the z-axis were deviated and 
should not be taken into account. The fact that the velocities on the x-axis seemed to 
be too high could apparently be explained through the influence of the wind that 
breathe during a few measures and deviated the water slightly sideways. This has 
been corroborated by comparing the velocities measured with the FLUMEN’s 
velocimeter and those measured with the borrowed velocimeter (see chapter 6.2.1).  
It was decided to pursue velocity measurements with the FLUMEN’s velocimeter only 
taking into account the values measured along the velocimeter’s y-axis (main flux 
direction). 
 
The calibration of the velocimeter and data recording is managed through the software 
Vectrino+ described on chapter 4.3. The treatment and filtering of obtained raw data is 
done with the software WinADV and explained on chapter 4.4.  
 
 
4.3 Calibration, data collection and data recording 
 
The software of the velocity measurement instrument is called Vectrino+. The 
Vectrino+ is designed to assist the instrument configuration settings, the data collection 
and the data storage of the Vectrino velocimeter.  
 
4.3.1 Configuration settings allowing calibration 
The configuration mode allows the setting up of the instrument operation and data 




Figure 45 : Configuration mode of the Vectrino+ software. 
 
The following options allow the specification for the calibration of the Vectrino: 
- Sampling rate: It sets the output rate for the velocity, amplitude, correlation, 
and pressure data. This rate also determines the rate at which data is recorded 
internally or to disk. With an increasing sampling rate, the noise increases too, 
which leads to a decreasing signal-to-noise ratio (SNR. The signal-to-noise ratio 
should be as high as possible, in other words the signal should be higher than 
the noise in order to get satisfying results.). The challenge consists in finding 
the higher sampling rate giving an acceptable SNR. The available sampling rate 
intervals are 1 – 200 Hz. 
- Nominal velocity range: Velocity range should be set to cover the range of the 
velocities anticipated during the data collection. A higher velocity range gives 
more noise in the data and vice versa. The available nominal velocity range 
settings are ±0.01, ±0.1, ±0.3, ±1.0, ±2.0, and ±4.0 m/s. 
- Transmit length: It is the arrival distance of the pulse emitted by the central 
transmit beam. The effect of increasing the transmit pulse length is that the 
signal-to-noise ratio is increased. Reducing the transmit pulse is a mean of 
reducing the sampling volume and/or get closer to boundaries. By changing the 
transmit length, the available sampling volumes sizes are also changed. The 
available height settings are 0.3, 0.6, 1.2, 1.8, and 2.4 mm. 
- Sampling volume: The sampling volume is cylindrical with a fixed width (6 mm) 
and a user adjustable height (Figure 44). When reducing the sampling volume 
size, the total number of samples being used for the velocity calculation is 
reduced. The effect of this reduction is that the precision of the measured 
velocity is reduced. The available height settings are 3 – 15 mm. 
- Power level: The power level bar sets how much acoustic energy the 
instrument transmits into the water. The difference between the highest level 
and the lowest level is about 7 dB. 
- Coordinate system: The coordinate system can be selected to Beam or XYZ. 
Beam means that the recorded velocity will be in the coordinate system of the 
acoustic beams. XYZ means that the measurements are transformed to a fixed 
orthogonal XYZ coordinate system (Figure 42 b and Figure 43 b). 
- Speed of sound: It can be set by the user (Fixed) or calculated by the 
instrument based on the measured temperature and a user-input value for 
salinity (Measured). The salinity is 0 for fresh water and typically 35 for the 
ocean. 
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- Vertical/Horizontal velocity range: This is a theoretical estimate of the actual 
velocity range along the vertical axis (along the transmit axis) and in the plane 
perpendicular to the transmit axis. 
 
The parameters have been set principally based on the experience obtained by Martí 
Sánchez Juny in similar models and on the results53 obtained by Raül Carmona Gàlvez 
during his degree dissertation, with the exception of the settings for the nominal 
velocity range. The chosen configuration settings are resumed in Table 4. 
 
Table 4 : Overview of the chosen calibration settings. 
Options Calibration settings 
Sampling rate 10 [Hz]
Nominal velocity range ±0.3 [m/s] for a discharge of 400 [m
3/s]
±1.0 [m/s] for a discharge of 1’150 [m3/s]
Transmit length 1.8 [mm]
Sampling volume 8.5 [mm]
Power level HIGH
Coordinate system XYZ
Speed of sound Measured
 
When the flow velocity exceeds the set nominal velocity range, the measured phase 
difference shifts between -180 ° and +180 °. The ADV cannot distinguish between a 
phase difference of 181 ° and -179 °; as a result the velocity recorded in the ADV file 
will change sign, producing a spike in the recorded velocity data. This behaviour is 
known as aliasing, and erroneous velocities reported by the probe when operating in 
this range are called velocity ambiguities (see chapter 4.2.2). This problem was 
encountered after achieving measurements for a discharge of 400 m3/s and starting 
measurements for a discharge of 1’150 m3/s. It was only after multiple trials in 
modifying the settings that the solution was found. It consisted in changing the nominal 
velocity range from ±0.3 to ±1.0 m/s.   
 
4.3.2 Data collection and displaying 
Additional to the configuration settings, the Vectrino+ software provides real-time 
displays, both graphic (Figure 46a) and alphanumeric (Figure 46b). When data 
                                                 
53 Carmona Gàlvez, R. (2008), p. 46-50. 
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collection has been started the sweep plots will update continuously as new data 
arrives.  
 
a)  b)  
Figure 46 : a) Graphic of the recorded data. The registered velocity, the amplitude, the 
SNR or the correlation can be followed in real-time displays. These parameters are given 
for each of the four beams. b) Alphanumeric displaying of the recorded data. 
 
The parameters showed in alphanumeric form can be described as follows:  
- Velocity (cm/s): gives the velocities output from the instrument in the selected 
coordinate system. If the beam XYZ coordinate system is chosen, values on Z2 
will be equal to zero for a side-looking probe and similar to Z1 for a down-
looking probe.  
- St.Dev. (cm/s): provides the standard deviation of the velocity components 
defined by the time scale determined by the filter time constant. 
- Amplitude (counts): shows the average signal strength from the measurement 
cell along each beam.  
- SNR (dB): presents the signal-to-noise ratio measured at each receiver. The 
values are given in decibels relative to noise level. 
- Correlation (%): gives the values of the signal correlation coefficient for each 
receiver. The values are given as percent, where 100 means perfect 
correlation. 
 








SNR 10log20  
Strictly speaking, it is not possible to measure the signal without the noise present, so 
Amplitudesignal should read Amplitudesignal+noise. However, for SNR values in the 
magnitude applicable to typical Vectrino situations, the difference is negligible. 
 
4.3.3 Data recording and conversion 
The Vectrino software writes the data into compressed binary files, and provides a tool 
to convert binary data into readable ASCII format54. The generated files by the data 
conversion function are: 
- The *.hdr file is a self-documented table. This file contains the detailed data 
format of all other ASCII files. 
- The *.dat files contain velocity and pressure data at the full sample rate. 
                                                 
54 American Standard Code for Information Interchange (ASCII) is a coding standard used for information 
interchange, implemented as a character-encoding scheme based on the ordering of the English alphabet. 
ASCII codes represent text in computers. 
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- The *.sen files contain system data such as the time/date, compass, tilt, 





The software for row data filtering is called WinADV. WinADV provides an integrated 
environment for viewing, processing and exporting data collected using acoustic 
Doppler velocimeters.  
 
4.4.1 General description of the software WinADV 
Acoustic Doppler velocimeters have several unique data processing and analysis 
requirements due to their method of operation, the types of data obtained, the analyses 
that are possible and some inherent limitations of the acoustic Doppler measurement 
technique. These needs made a filtering of the data necessary to ensure that technical 
limitations do not adversely affect the quality of the results. Unlike other current-
metering methods that exploit physical properties of water to obtain a velocity 
measurement (e.g., momentum to turn a propeller, mass flow through a magnetic field), 
ADVs actually measure the velocity of the scattering particles in the flow. As a result, 
the quality of the measurement depends on the presence of scatterers and their 
behaviour within the sampling volume. This makes customized data processing 
software a valuable asset when analyzing ADV data. To fulfil these needs, the WinADV 
software program was developed for use.  
 
4.4.2 Data reviewing 
One possible application of WinADV is the representation of ADV data in graphical 
form. Three primary views of the ADV data are available: 
- The Time Series graph can display velocity data and signal amplitude data 
(Figure 47). Block averages can be used to minimize the number of points that 
must be plotted on the graph. 
 
 
Figure 47 : Time Series graph.  
                                                 
55 If not otherwise specified, the values given in this chapter are taken from Wahl, T. L., WinADV. Help 
manual, (unknown), (unknown). 
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- The Histogram graph is intended to provide a visual indication of the 
distribution of velocity and signal quality data (Figure 48). Both pdf (probability 
density function) and cdf (cumulative distribution function) formats are available 
to allow inspection of distribution shape and allow estimation of fractions of data 
values above or below specific levels. 
 
 
Figure 48 : Histogram graph.  
 
- The Power Spectrum graph shows the amplitude of the Fast Fourier 
Transform of all three velocity components (Figure 49). The amplitudes are 
plotted on a log10 scale. 
 
 
Figure 49 : Power Spectrum graph.  
 
4.4.3 Data processing 
In addition to displaying the measured data in an ADV file, WinADV also provides some 
processing options. 
 
Data filtering is an important aspect of the analysis of ADV data. The correlation and 
the signal-to-noise ratio scores are good indicators of some of the possible problems 
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encountered while using an ADV. WinADV offers filters based on their values. Filter 
criteria are expressed in terms of the samples to be retained. These filters can be 
described as follows: 
- Correlation: The ADV probe collects data at a user-prescribed sampling rate 
regardless of optimal conditions in the water volume to produce a reliable 
sample. The correlation parameter or COR is an indicator of the relative 
consistency of the behaviour of the scatterers in the sampling volume during the 
sampling period expressed in percent (0 lowest quality to 100 highest quality). 
Low correlation values may indicate problems related to signal strength, 
scatterer density, excessive air bubbles, or problems with the probe itself. A 
typical setting for this filter is to remove samples with a correlation less than 70. 
WinADV permits filtering to be done using the average correlation for all signal 
beams or the minimum correlation from amongst the three signal beams.  
- Signal-to-noise-ratio: The SNR indicates the relative density of acoustic 
scatterers in the flow and the resulting strength of the signal received compared 
to the noise level of the instrument. The values are given in decibels relative to 
the noise level. For collection of instantaneous velocity data a signal-to-noise 
ratio of 15 dB or higher should be maintained. For measuring mean velocities, 
the signal-to-noise ratio should be 5 dB or higher. Low signal-to-noise ratios 
usually are due to a low concentration of scatterers in the water sample. 
WinADV offers a filter based on the SNR value, with a user-selected cut-off 
level. 
 
Filters are also available to address problems that cannot be detected by analysis of 
the SNR and COR values: 
- Velocity: WinADV also allows filtering based on velocity itself so that samples 
with velocities in a specified range can be removed. The problem of 
overranging of ADV probes was mentioned earlier. When the flow velocity is too 
high relative to the velocity range setting of the instrument, aliasing of the data 
occurs, creating velocity ambiguities. It is critical to note that the COR and SNR 
values do not give a clear indication that there is a problem, and would not be 
useful for filtering. WinADV’s velocity cut-off filter can be helpful when dealing 
with data files containing velocity ambiguities. The user may specify a cut-off 
value for one of the three velocity components and whether to keep data above 
or below the cut-off. This filter is successful in data files in which the 
overranging is consistent and produces clear changes in the reported velocity. 
However, even with aliased samples removed, one must recognize that the 
data set is still biased by the absence of what should have been high-velocity 
data. Therefore, this filter is less successful when overranging is more severe 
(i.e., velocity is well above the value that first causes overranging). 
- A second filtering method that is sometimes successful with data files 
containing velocity ambiguities is the Acceleration spike filter. It is based on 
the concept that there should be a physical upper limit to the change in flow 
velocity (i.e., the acceleration) that can occur in a flow, and any measurements 
that indicate higher acceleration should be excluded from the analysis. The 
acceleration spike filter attempts to identify individual velocity readings in the 
time series that exhibit consecutive large and opposite changes in velocity 
direction and magnitude relative to adjacent velocity data. The differences are 
compared to a threshold acceleration specified by the user in g's, so that the 
threshold is independent of the units system. 
- The Phase-space threshold despiking is a more recent and often more 
effective despiking filter. This filter was first described by Goring and Nikora56. 
                                                 
56 Goring, D. G., Nikora, V. I., Despiking acoustic Doppler velocimeter data, Journal of Hydraulic 
Engineering, Vol. 128, No. 1, January 2002, p. 117 –126. 
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This is a spike filter that requires no “tuning” (unlike the acceleration spike filter). 
Spikes are eliminated, not replaced. This filter successfully removes velocity 
ambiguities, but only if they are of short duration. If overranging causes velocity 
ambiguities to persist for several sample periods, then they will not all be 
detected as spikes. The spike detection filter also successfully removes other 
erroneous data points whose origin may have been low signal strength or 
inconsistent scatterer behaviour (i.e., low correlation). To reduce the chance of 
velocity ambiguities tainting the data collected with an ADV, it is best to record 
data at the highest normal sampling rate. 
 
All of these filters can be used separately or combined. Figure 50 shows the graphic 
interface of the software for the filtering options.  
 
 
Figure 50 : Filtering options of the software WinADV.  
 
Filtering options (Table 5) have been set following the main results obtained by various 
scientists (Gordon et al., 2000; Gordon, L., 1999; Goring et al., 2002; Kraus et al., 
(unknown); Nikora et al., 1998; Wahl, T. L., 2000; Wahl, T. L., 2003) working with 
velocimeters in similar conditions.  
Furthermore, the results57 obtained by Raül Carmona Gàlvez during his degree 











                                                 
57 Carmona Gàlvez, R. (2008), p. 32-46. 
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Table 5 : Overview of the chosen filtering settings. 
Options Filtering settings 
Average Correlation > 70 [%] 
Minimum Correlation > 70 [%] 
Average SNR  > 10 [dB]
Minimum SNR > 10 [dB]
Velocity Not used




Due to the fact that the minimum correlation as well as the minimum SNR is more 
restrictive than the averaged values of both filters, there is no need for using the 
average correlation and the average SNR as filters.  
 
4.4.4 Data calculation and exportation 
The correlation, the signal-to-noise ratio and the velocity are plotted and necessary for 
filtering. Nevertheless other parameters are calculated too. During processing, all 
calculations described below are performed on the entire set of samples contained in 
the ADV file (excluding samples removed by filtering). 
 
The following turbulence parameters are calculated: 
- RMS [VX], RMS [VY], RMS [VZ]: The root-mean-square of the turbulent velocity 
fluctuations about the mean velocity are computed for use in determining 
turbulence intensities and levels of turbulent kinetic energy. The RMS 
turbulence is equal to the standard deviation of the samples. 
- Cov-XY, Cov-XZ, Cov-YZ: The sample covariances for all three velocity 
combinations are computed for use in determining Reynolds stresses.  
 
Moreover, the following velocity magnitude values are reported in the output file: 
- Mag V-Avg: shows the mean magnitude of the velocity components. 
- Avg Vmag: reports the average of the individual velocity magnitude values for 
the time series. 
- |RMS[V]|: is the magnitude of the resultant formed from the individual root-
mean-square values for each component. 
- RMS[Vmag]: is the root-mean-square value of the time series of individual 
velocity magnitude values. 
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Other statistical values, which are averaged over the entire sample set, are: 
- Kurtosis: is the fourth statistical moment and characterizes the relative 
peakedness or flatness of a distribution compared to the normal distribution. 
Positive kurtosis indicates a relatively peaked distribution. Negative kurtosis 
indicates a relatively flat distribution. 
- Skewness: is the third statistical moment is an indicator of non-symmetric 
distributions. A skewness of zero indicates a distribution that is symmetric about 
the mean.  
- Covariance: is a measure of the correlation between two variables. Covariance 
is used in the analysis of Reynolds stresses.  
 
The signal amplitude is also recorded in the ADV file for each probe beam. The span of 
the 95 % confidence interval is given too. 
 
The processed filtered data can be transformed into data files with Excel format and 





5 Physical modelling results 
 
This chapter exposes the results obtained by physical modelling. 
 
The velocity profiles are given grouped by section and measuring verticals. In order to 
facilitate the analysis, the results without and with enclosure are overlaid on the same 
graph. Furthermore, the velocity profiles obtained for the both discharges, 400 m3/s and 
1'150 m3/s, are juxtaposed. 
 
In sections 17 field and 26 field, the velocity profiles resulting of the field measurement 
on the prototype (carried out by the research group FLUMEN) have also been overlaid 
to the results of the physical model. 
 
The velocities were only measured on the verticals of the chosen bathymetry points (in 
bold on the profiles) which are inside the wetted perimeter. Therefore not all 
bathymetry points were considered.  
For measuring points that are inside the confined area during works, water velocity was 
only measured for the geometry without enclosure (current situation), since during 
cleaning up works there will be no water flow through this area. 
 
The section profiles, drawn with the software application AutoCAD (CAD standing for 
Computer Aided Design or Computer Aided Drafting), are “seen” from downstream. 
Thus, the coordinates, on the right riverbank are negative and those on the left 
riverbank are positive. On each bathymetry point, the first coordinate expresses the 
meters of distance from the origin (0,0) and the second coordinate gives the height 
relative to the origin elevation. The double line represents the enclosure. The confined 
zone is on the left of the enclosure (right riverbank). The vertical scale is exaggerated 
ten times the horizontal scale on the section profiles. 
 
All values are given at prototype scale. The velocity distribution is given as the 
component of velocity, which is perpendicular to the transversal section plane (in [m/s]) 
in function of water depth (in [m]). 
 
As illustration for the physical modelling results, the velocity profiles obtained for three 
verticals of measures in sections 17 (Figure 51) and 17 field (Figure 52) are given. For 
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Figure 51 : Various results obtained for section 17 for both geometries and both 

















































































































































































Figure 52 : Various results obtained for section 17 field for both geometries and both 






6 Physical modelling analysis 
 
This chapter is devoted to the validation, analysis and interpretation of the data 
obtained by physical modelling.  
 
The validation is accomplished by integrating the velocities over the transversal 
sections in order to get the discharge and compare the result to the theoretical 
discharge (chapter 6.1.1 and chapter 6.1.2). Furthermore, the rightness of the results 
obtained by physical modelling can be contrasted using the field velocity 
measurements (chapter 6.1.3). 
 
The analysis is performed in several ways. First, various general purposes are studied 
(chapter 6.2.1), before the Coriolis and the Boussinesq coefficients are computed. 
These coefficients give the velocity distribution over the sections (chapter 6.2.2). Since 
both coefficients have as well been calculated for the field campaign’s data, they 
provide supplementary means of validation. Furthermore, the velocity behaviour in both 
studied geometries and for both discharges is figured and analyzed (chapter 6.2.3 and 
chapter 6.2.4). Last, a contour mapping of the velocities on each section offers a visual 
analysis of the results (chapter 6.2.5). 
 
Together these elements permit an improved interpretation of the results (chapter 6.3). 
This interpretation should define the impact of the enclosure on the hydrodynamics of 
the reservoir during works, a main objective of this degree dissertation. 
 
 
6.1 Data validation 
6.1.1 Velocity integration (Method 1) 
The evaluation of the measurement quality can be typically achieved by integrating the 
velocities in a transversal section to get the discharge. The method can be resumed as 
follows: 
- A transversal section is chosen and the velocity components perpendicular to 
the transversal section plane are determined. 
- A mesh over the section taking into account the points of velocity measurement 
is defined. The mesh is chosen regular and structured. Therefore mesh cells 
have all the same area (4.5 m width x 0.45 m height). Lateral and bottom 
velocities are supposed to be 0 due to friction with the riverbed. Other positions 
of the mesh are filled by linear interpolation. 
- According to the principle vAQ   (Q being the discharge, A the area and v 
the velocity), the products vA   (of each mesh cell) are summed up for the 
entire mesh. 
- Thus, it is possible to determine the approximate discharge through the section. 
 
Table 6 gives an example of this method for the transversal section 22, with enclosure, 








Table 6 : Velocity integration. The orange cells represent the borderline of the section. 
The yellow columns correspond to the verticals on which velocities have been measured. 
The measured points are painted in dark yellow. The green lines stand for the water layer 
that is above the measurement instrument at the last measured point. The two columns 
on the left end give the water depth in absolute and relative terms and the two lines at the 
top express the distance to the origin (0,0) of the section, again in absolute and relative 
terms. The velocities are given in [m/s] and the axis values in [m]. Values are given at 
prototype scale. 
  23 28 32 37 41 46 50 55 59 64 68 73 77 82 86 91 95 100 104 109 113 118 122 127 131 136 140 145 149 154 
  0 4.5 9 13.5 18 22.5 27 31.5 36 40.5 45 49.5 54 58.5 63 67.5 72 76.5 81 85.5 90 94.5 99 103.5 108 112.5 117 121.5 126 130.5 
9.6 0.0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 
9.2 0.45 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0 
8.7 0.9 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0  
8.3 1.35 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0   
7.8 1.8 0 0.25 0.51 0.76 0.75 0.73 0.72 0.71 0.69 0.68 0.67 0.66 0.64 0.63 0.62 0.62 0.61 0.61 0.61 0.53 0.45 0.38 0.30 0.27 0.15 0.08 0 0   
7.4 2.25 0 0.25 0.51 0.76 0.75 0.73 0.72 0.71 0.69 0.68 0.67 0.66 0.64 0.63 0.62 0.62 0.61 0.61 0.61 0.53 0.45 0.38 0.30 0.27 0.15 0.08 0    
6.9 2.7 0 0.25 0.51 0.76 0.75 0.73 0.72 0.71 0.69 0.68 0.67 0.66 0.64 0.63 0.62 0.62 0.61 0.61 0.61 0.53 0.45 0.38 0.30 0.23 0.15 0.08 0    
6.5 3.15 0 0.25 0.51 0.76 0.75 0.73 0.72 0.71 0.69 0.68 0.67 0.66 0.64 0.63 0.62 0.62 0.61 0.61 0.61 0.47 0.34 0.26 0.17 0.09 0 0     
6.0 3.6 0 0.25 0.50 0.75 0.74 0.73 0.71 0.70 0.68 0.67 0.66 0.64 0.63 0.62 0.61 0.60 0.60 0.59 0.59 0.42 0.26 0.20 0.13 0.07 0      
5.6 4.05 0 0.25 0.50 0.75 0.73 0.72 0.70 0.69 0.68 0.66 0.65 0.63 0.62 0.60 0.60 0.59 0.58 0.57 0.57 0.37 0.18 0.12 0.06 0       
5.1 4.5 0 0.25 0.49 0.74 0.73 0.71 0.70 0.68 0.67 0.65 0.64 0.62 0.61 0.59 0.58 0.57 0.56 0.55 0.54 0.32 0.10 0.07 0.03 0       
4.7 4.95 0 0.25 0.49 0.74 0.72 0.71 0.69 0.67 0.66 0.64 0.63 0.61 0.60 0.58 0.57 0.56 0.55 0.54 0.52 0.27 0.02 0.01 0 0       
4.2 5.4 0 0.24 0.49 0.73 0.72 0.70 0.68 0.67 0.65 0.64 0.62 0.60 0.59 0.57 0.55 0.53 0.51 0.49 0.47 0.24 0.01 0 0        
3.8 5.85 0 0.24 0.49 0.73 0.71 0.69 0.68 0.66 0.64 0.63 0.61 0.59 0.58 0.56 0.53 0.50 0.47 0.44 0.41 0.20 0          
3.3 6.3 0 0.24 0.48 0.72 0.70 0.68 0.67 0.65 0.63 0.61 0.60 0.58 0.56 0.55 0.49 0.44 0.38 0.33 0.27 0.14 0          
2.9 6.75 0 0.24 0.47 0.71 0.69 0.67 0.65 0.64 0.62 0.60 0.58 0.57 0.55 0.53 0.45 0.37 0.29 0.22 0.14 0.07 0          
2.4 7.2 0 0.23 0.47 0.70 0.68 0.66 0.64 0.63 0.61 0.59 0.57 0.55 0.53 0.52 0.41 0.31 0.21 0.10 0.00 0           
2.0 7.65 0 0.21 0.43 0.64 0.63 0.61 0.59 0.58 0.56 0.55 0.53 0.52 0.50 0.49 0.39 0.29 0.20 0.10 0.00 0           
1.5 8.1 0 0.19 0.39 0.58 0.57 0.56 0.55 0.53 0.52 0.51 0.50 0.48 0.47 0.46 0.37 0.28 0.18 0.09 0            
1.1 8.55 0 0.18 0.35 0.53 0.52 0.51 0.50 0.49 0.48 0.47 0.46 0.45 0.44 0.43 0.35 0.26 0.17 0.09 0            
0.6 9.0 0 0.12 0.23 0.35 0.35 0.34 0.33 0.33 0.32 0.31 0.31 0.30 0.30 0.29 0.23 0.17 0.12 0.06 0            
0.2 9.45 0 0.06 0.12 0.18 0.17 0.17 0.17 0.16 0.16 0.16 0.15 0.15 0.15 0.15 0.11 0.07 0.04 0             
-0.3 9.9 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0              
-0.7 10.35 0 0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0               
-1.2 10.8    0 0 0 0 0 0 0 0 0 0 0                 
 
The velocity integration method was applied to the studied transversal sections for both 
geometries (without and with enclosure) and both discharges (400 m3/s and 1’150 
m3/s). Results are given in Table 7.  
 
Table 7 : Results of the velocity integration method. Values are given at prototype scale. 
Theoretical discharge:  
Q = 400 [m3/s] 
Theoretical discharge: 












[m3/s] [%] [m3/s] [%] 
Without enclosure 339.86 15.04 915.46 20.40
8 
With enclosure 275.22 31.20 743.34 35.36
Without enclosure 368.33 7.92 1’020.73 11.24
17 
With enclosure 325.64 18.59 927.37 19.36
Without enclosure 360.62 9.84 1’077.41 6.31
22 
With enclosure 362.73 9.32 1’126.58 2.04
Without enclosure 370.11 7.47 1’057.10 8.08
26 
With enclosure 392.88 1.78 1’004.01 12.69
Without enclosure 362.33 9.42 1’088.52 5.35
28 
With enclosure 364.75 8.81 1’190.70 -3.54
 75
All integrated discharges (with the exception of one) are smaller than the theoretical 
discharges. This could mean that the velocimeter suffers a systematic deviation in 
shortage or that the used interpolation method is not appropriated for the sections 
shape. In principle, a deviation of the velocimeter could be excluded since it has been 
calibrated and checked by an external technician. 
 
The results of the velocity integration in section 8 have the highest difference between 
integrated and theoretical discharge. The reason for this difference can be related to 
the particular shape of the section. Section 8 has namely, in comparison to the other 
sections, a smaller and less regular profile. The irregularity in this profile is probably 
due to the submerged weir, which is located slanted to this section (see Appendix 2). 
The linear interpolation applied for the velocity integration can not render properly the 
velocity distribution in section 8 because of the profile’s irregularity. An interpolation 
supposes a certain behaviour of the velocities. For an inhomogeneous profile, as like in 
section 8, a prediction of the velocities behaviour is not possible and therefore, an 
interpolation as applied in method 1 can not be used.  
 
A similar, but less pronounced situation is encountered in section 17. In contrast to 
section 8 and 17, transversal section 28 has the smallest difference between integrated 
and theoretical discharge. It is the largest section and has a regular profile. 
 
The difference between the integrated discharge and the theoretical discharge 
decreases in the direction of flux, because the shape of the transversal sections 
becomes more and more regular and therefore the used interpolation method fits better 
to the section’s behaviour.   
 
There is not a trend between the studied geometries or the discharges and the results 
are globally seen similar.  
 
In general, the difference between interpolated and theoretical discharge could be 
reduced if more profiles and verticals were measured and fewer values were 
interpolated. If this would be the solution to reduce the differences between theoretical 
and interpolated discharge or if other things have to be modified in order to obtain the 
same discharges cannot be predicted. A modification of the mesh cell size could also 
contribute to decrease the error since a smaller cell size fits better to the riverbed 
geometry. However as only few vertical measures are available, more values would 
have to be interpolated. If the instrument is nevertheless biased, an error coefficient 
should be found, which counteracts the influence of this deviation. This could be the 
content of further studies. 
 
6.1.2 Velocity integration (Method 2) 
A second evaluation method for the measurement quality follows the same principle, 
but instead of interpolating velocities where there are no measurements, measured 
velocities in a single point are said to be valid for the area around this point. Therefore 
mesh cells containing a measured velocity have not all the same area, but its area is 
delimitated in function of the distance to other cells containing measured velocities. 
 






Table 8 : Velocity integration for a theoretical discharge of 400 m3/s with enclosure in 
section 22. The orange cells represent the borderline of the section. The yellow cells 
correspond to the measuring points. The black rectangles represent the area for which 
the velocity measured on a single cell is valid. The two columns on the left end give the 
water depth in absolute and relative terms and the two lines at the top express the 
distance to the origin (0,0) of the section, again in absolute and relative terms. The 
velocities are given in [m/s] and the axis values in [m]. Values are given at prototype 
scale. 
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6.0 3.6 0.76 0.63 0.61 0.34 
5.6 4.05 
5.1 4.5 0.57 
4.7 4.95 0.74 0.59 0.01 
4.2 5.4 0.52 
3.8 5.85 
3.3 6.3 0.73 0.56 0.41 
2.9 6.75 
2.4 7.2 
2.0 7.65 0.70 0.52 0.00 
1.5 8.1 
1.1 8.55 








Table 9 compares the two validation methods for the same section. The results of the 
first method (interpolation of unknown values) provide an integrated discharge closer to 
the theoretical discharge.  
 
Table 9 : Comparison of both validation methods. Values are given at prototype scale. 
Theoretical discharge:  
Q = 400 [m3/s] 
Theoretical discharge: 













Section Method Geometry 
[m3/s] [%] [m3/s] [%] 
Method 1 With enclosure 362.73 9.32 1’126.58 2.0422 
Method 2 With enclosure 343.25 14.19 1’084.86 5.66
 
6.1.3 Contrast of field campaign and physical modelling 
The accuracy of the data obtained by physical modelling can as well be evaluated 
using the field velocity measurements carried out by the research group FLUMEN (see 
chapter 4.1.3).  
 
During the field campaign, the three velocity components were measured every 0.25 m 
on verticals on sections 17 and 26 (named hereafter section 17 field and 26 field 
respectively). However, the magnitude of the three velocity components coincides 
practically with the magnitude of the velocity component along the main flux direction.58 
                                                 
58 Flumen (2006), p. 47. 
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In order to compare the field measurements to the physical modelling, the discharges 
of both are analyzed first (Table 10). 
 
In the case of the field campaign, the discharge was gauged in Ascó (five kilometres 
downstream from Flix) by the Confederación Hidrográfica del Ebro (CHE, see chapter 
3.1.5).59 
 
Table 10 : Integrated discharges using Method 1 for the physical modelling and the field 
campaign on the field sections and theoretical or gauged discharges. Values are given at 
prototype scale. The gauged discharges for the field campaign are given as range, which 
corresponds to the discharge at the beginning and the discharge at the end of the field 
measurements. Since during field campaign, section 26 field was measured after section 
17 field, the end discharge of section 17 field and the beginning discharge of section 26 





discharge Section Geometry Site 
[m3/s] [m3/s] 
Without enclosure Physical modelling 1’030.79 1’150
17 field 
Without enclosure Field campaign 926 1’416 – 1’342
Without enclosure Physical modelling 1’080.74 1’150
26 field 
Without enclosure Field campaign 922 1’342 – 1’227
 
It may be noted that the values gauged by the Confederación Hidrográfica del Ebro are 
systematically considerably larger than those integrated with the data of the field 
campaign. It must be said, that the operator of the nuclear central of Ascó (see chapter 
3.1.4), Endesa, thinks that the discharge measured by CHE in Ascó presents a 
systematic deviation in excess. 
 
In the case of the physical modelling, the difference between the integrated and the 
theoretical discharge of 11 % for section 17 field and of 6 % for section 26 field lies 
between the values obtained for other sections (see Table 7).  
 
The differences between the integrated discharges of the physical modelling and the 
field campaign are considered, can be explained by the difference between the profiles 
obtained by physical modelling and those obtained by field measurements. For both 
field sections, the velocity profiles resulting of the physical modelling are systematically 
higher than those of the field campaign. However, their form is very similar. Another 
explanation could be that the physical model, as it may be expected, does not 
represent exactly the behaviour of the prototype.  
 
Since the theoretical discharge during the field campaign is difficult to define (on the 
one side due to the range of velocities instead of a single velocity and the other side to 
the possible gauge deviation), a discharge of 1’150 m3/s for the physical modelling was 




                                                 
59 Flumen (2006), p. 51. 
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6.2 Data analysis  
6.2.1 General purposes 
Measurements 
To obtain the velocity profiles given in chapter 5, more than fifty reiterations have been 
done. The repeated verticals were mostly those at the ends of the section, where no 
flux direction is predominant and the velocity components no taken into account (the 
perpendicular and the vertical velocity components) play a larger rule than elsewhere 
(see chapter 4.2.2 and chapter 9.2.2). This is due to the general low velocities and 
furthermore to the velocity slowdown by the channel roughness and the consequent 
riverbed friction. This situation is more often encountered for the discharge of 400 m3/s 
than for 1’150 m3/s. It can be explained through the lower velocities for the smaller 
discharge. 
 
Sometimes, for the same vertical, not the same number of points for each studied 
configuration (without and with enclosure and the different discharges) has been 
measured. A possible reason is that the automatic alignment device was not accurately 
placed at 30 mm from the bottom as it was set to zero. Another reason could be that 
the device did not exactly rise 20 mm between the measured points. It is also possible 
to think that the water layer was not precisely at 41.1 m.a.s.l. (water level immediately 
upstream of the dam). Occasionally, the highest point on a vertical was not recorded 
because of the noise, which was higher than the signal and therefore the SNR was too 
low. This all influences the ability of measuring one point more or one less per vertical.  
 
Measured velocity components 
As mentioned in chapter 4.2.2, the acoustic Doppler velocimeter provides the three 
components of the velocity vector (x, y and z). It has been mentioned as well, due to a 
technical defect on the velocimeter of the research group FLUMEN, the obtained z-
components of the velocity are too high. This fact has been contrasted with a borrowed 
velocimeter. 
 
A comparison between the results obtained with the FLUMEN’s velocimeter and the 
borrowed velocimeter is given in Figure 53. The profiles correspond to the velocities on 













































Figure 53 : a) Velocity profiles obtained with the velocimeter of the research group 
FLUMEN. b) Velocity profiles obtained with the borrowed velocimeter. 
 
Since the values in the y-direction (and x-direction) of the FLUMEN’s velocimeter show 
the same order of magnitude than those of the borrowed velocimeter and the 
magnitude of the velocity components is relatively equal to the y-component of the 
velocity, it was decided to pursue velocity measurements with the FLUMEN’s 
velocimeter only taking into account the values measured along the velocimeter’s y-
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axis (main flux direction). For this reason, merely the velocity profiles in this direction 
are represented. 
 
Nominal velocity range 
Under the configuration settings, one of the parameters to set is the velocity range (see 
chapter 4.3.1). It should be set to cover the range of the velocities anticipated during 
the data collection. Experience acquired by the research group FLUMEN during similar 
modelling has shown that the adapted velocity range for the considered modelling is 
±0.30 m/s. However, the first experiments conducted with this nominal velocity range 
for a discharge of 1’150 m3/s showed strange results and evidenced a configuration 
trouble (Figure 54a). A modification from ±0.30 m/s to ±1.00 m/s improved significantly 









































Figure 54 : a) Velocity profile obtained with a nominal velocity range of ±0.30 m/s. b) 
Velocity profile obtained with a nominal velocity range of ±1.00 m/s. Both profiles 
correspond to the velocities on the vertical x = 80.19 in section 17 for a discharge of 
1’150 m3/s with enclosure. 
 
This improvement is due to the fact that the measured velocity is relatively near to the 
limit of ±0.30 m/s. In this way, if the velocimeter is configured for measuring velocities 
within a range of ±0.30 m/s, it will not be able to measure values above this range. As a 
result, erroneous velocities will be reported by the probe when operating this range. 
This behaviour is known as aliasing, and the erroneous velocities are called velocity 
ambiguities (see chapter 4.2.2).  
 
For this reason, the nominal velocity range was set to ±0.3 m/s for a discharge of 400 
m3/s and to ±1.0 m/s for a discharge of 1’150 m3/s. 
 
6.2.2 Velocity distribution coefficients 
The non uniform velocity distribution across a flow section is taken into account by the 
coefficients of Coriolis and Boussinesq. These coefficients and their application to the 
project are explained in this chapter. 
 
Coriolis Coefficient 
In real flow situations, velocity is not constant across a flow section, due to variations in 
viscous drag at different distances from the boundary. The true mean velocity head 



















A coefficient, called Coriolis coefficient, can be introduced to express the true velocity 












 , where 
  
































n: number of iA elements [-]; 
iA : area of influence of a velocity measurement point [m2]; 
A: total area of the section [m2]. 
 
The Coriolis coefficient lies between 1.03 and 1.36 for approximately straight prismatic 
channels.60 In natural channels, which can be subdivided into regions with different 
mean velocities, the Coriolis coefficient can attain higher values until its maximum of 2. 
 
Boussinesq Coefficient 
A non uniform velocity distribution affects as well the calculation of the momentum, 
where  mvm 2  is not equal to 2mvm   (in the momentum equation). In this case, the 





















Its value lies between 1.01 and 1.12 for approximately straight prismatic channels and 
its maximum is 1.33.61 
 
The Coriolis and the Boussinesq coefficient can be related through the following 
formula: 
3
11   . 
 
If the Coriolis and the Boussinesq coefficient are equal to 1, then the velocity 
distribution is strictly uniform across the transversal section. In channels with regular 
transversal sections and straight alignment, the effect of the non-uniform velocity 
distribution is small compared to other calculation uncertainties. For this reason, both 
coefficients are usually assumed to be equal to 1.  
 
Application 
In order to perform the computation of both coefficients, the area and the mean velocity 
are needed for the calculation of the denominator ( Av xm  ). Both parameters are 
                                                 
60 Sánchez-Juny, M., Bladé, E., Puertas, J., Hidràulica, Universitat Politècnica de Catalunya, Barcelona, 
2005, p. 81. 
61 Idem. 
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calculated with the help of the files created for the velocity integration. Area and mean 
velocity are given in Table 11. 
 
Table 11 : Section area and mean velocity. Values are given at prototype scale. 
Mean velocity over the section 
Wetted area 




Without enclosure 1’117.80 0.30 0.828 
With enclosure 550.80 0.50 1.35
Without enclosure 1’050.98 0.35 0.9717 
With enclosure 726.98 0.45 1.27
Without enclosure 1’129.95 0.32 0.9022 
With enclosure 793.80 0.46 1.42
Without enclosure 1’464.08 0.25 0.7226 
With enclosure 961.88 0.41 1.05
Without enclosure 1’812.38 0.22 0.6428 
With enclosure 1’089.45 0.34 1.02
Without enclosure 1’315.04 0.29 0.81
Average 
With enclosure 824.58 0.43 1.22
 
In average, the section’s area between the geometry without and with enclosure is 
reduced by 40 % and at the same time, the mean velocity over the section increases of 
50 % (discharge independent). Section 8 suffers the most important area reduction (of 
over 50 %) and the highest mean velocity increase (of 65 %).  
 






), the computations done for the velocity 
integration (see chapter 6.1.1) are used. 
 
The results of the calculation of the Coriolis and the Boussinesq coefficients for both 
geometries (without and with enclosure) and both discharges (400 m3/s and 1’150 





Table 12 : Coriolis and Boussinesq coefficients. 









α β α β 
Section Geometry 
[-] [-] [-] [-] 
Without enclosure 1.38 1.13 1.34 1.13
8 
With enclosure 1.49 1.18 1.28 1.09
Without enclosure 1.33 1.22 1.25 1.10
17 
With enclosure 1.60 1.22 1.52 1.19
Without enclosure 1.34 1.13 1.34 1.13
22 
With enclosure 1.66 1.25 1.32 1.12
Without enclosure 1.56 1.21 1.61 1.23
26 
With enclosure 1.57 1.21 1.53 1.19
Without enclosure 1.39 1.13 1.57 1.18
28 
With enclosure 1.65 1.23 1.44 1.16
Without enclosure 1.40 1.16 1.42 1.15
Average 
With enclosure 1.59 1.22 1.42 1.15
 
The averages of both coefficients are quite high. However, this fact is not due to any 
particular section, but the result of the contribution of all sections, since the dispersion 
around the mean is low. These high coefficients indicate that the velocity is not 
uniformly distributed on the transversal sections. If one of the sections should be 
mentioned, it can be said that transversal section 26 shows, in general, high 
coefficients. Nevertheless there is not a specific trend. 
 
For the configuration without enclosure, the Coriolis as well as the Boussinesq 
coefficients are similar for both discharges. For the configuration with enclosure, the 
coefficients are much higher for the discharge of 400 m3/s than for 1’150 m3/s. For a 
discharge of 400 m3/s, when passing from the geometry without enclosure to the 
geometry with enclosure, the Coriolis and the Boussinesq coefficient increase 
significantly, which is not the case for the discharge of 1’150 m3/s. The enclosure 
creates a less uniform velocity distribution for the 400 m3/s discharge, whereas the 
1’150 m3/s discharge does not get affected by the enclosure. 
 
The global average of the Coriolis coefficient is 1.46 and 1.17 for the Boussinesq 
coefficient for the physical modelling. Both coefficients have also been calculated for 
the data of the field campaign. The averaged Coriolis coefficient is 1.31 and the 
averaged Boussinesq coefficient is 1.12.  
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It can be noted that the coefficients obtained by physical modelling are higher than 
those obtained during field measurements. This difference may be associated to the 
inherent uncertainty of the physical model which is only an approximation and a 
simplification of the geometry of the prototype. Furthermore, it should be noted that the 
number of field measurements is relatively small. Therefore an averaged value of the 
field measures is to take with a pinch of salt. 
Moreover, since the values used for the calculation of the coefficients provide initially 
from the velocity integration done in chapter 6.1.1 and since this integration does not 
shown excellent values, its calculation may also be afflicted by the same error. 
 
6.2.3 Velocity increase factor 
A simple but not too rigorous analysis of the data can be accomplished by calculating 
the velocity increase factor between both geometries. For this purpose, a vertical of 
measures has been chosen in each section (at more or less equal distances from the 
enclosure) and the velocity increase has been calculated for each measuring point of 
the vertical.  
 
The results are given in form of graphs in Appendix 5. 
 
Since the discharge remains constant and the area is reduced by approximately 40%, 
the velocity increases over the whole profile. As it was predictable, the velocity 
increase factor rises with the water height and the remoteness to the soil. There is no 
pattern observable, neither over sections nor over discharges. The global average of 
the velocity increase factor is of 1.67 for the 400 m3/s discharge and 1.48 for the 1’150 
m3/s discharge. However, since only a reduced number of profiles have been analyzed, 
an extrapolation of these results to the whole studied river stretch should be done 
careful. 
 
In order to improve its accuracy, this analysis should be performed on velocity profiles 
adjusted to theoretical ones. The adjustment of experimental to theoretical profiles is 
time expensive and would go beyond the scope of this degree dissertation.  
 
6.2.4 Mean velocity over the profiles 
Physical modelling provides, as seen in chapter 5, velocity profiles in each measured 
vertical. With the intention of making the analysis of the enclosure’s influence on the 
reservoir’s hydrodynamics easier, these profiles can be converted into a single value 
by computation of the mean velocity over a velocity profile. 
 
The mean velocity over a velocity profile can be calculated in an approximate way as 
follows: 
- The profile area has to be divided into polygons, whose area is simple to 
calculate. The obtained polygons are a triangle at the bottom, a rectangle at the 
top and trapezoids in-between (Figure 55). The triangle joins the origin (the 
velocity at the bottom is assumed to be equal to zero) with the first measured 
point, which is 30 mm distant from the bottom. The trapezoids join the 
subsequent measure points every 20 mm. The rectangle represents the water 
layer of approximately 30 mm which is above the last measured point (in order 
to ensure that the velocimeter is covered by the water layer during measuring). 
- The single areas of each polygon are calculated and the sum of these areas (in 
[m2/s]) is divided by the total water depth (in [m]).  




Figure 55 : Calculation of the mean velocity over a profile. 
 
The obtained results for both geometries and both discharges are given in the following 
figures (Figure 56 and Figure 57), which are a plan view of the prototype zoomed on 
the chosen sections (the number of the section is circled). The values represent the 
average velocities for each velocity profile given in [m/s]. All values are given at 












































































































































































































Figure 57 : Mean velocity over the profiles for a discharge of 1’150 m3/s and both 
geometries. 
 
If the velocity increase between the geometry without and with enclosure is computed 
and averaged over all verticals of measures, the following relationship for the discharge 
of 400 m3/s is obtained: enclosurewithoutenclosurewith vv  59.1 . This means that the flow 
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velocity during works is 1.59-times larger than the flow velocity in the current situation, 
which is logical since the river area is reduced of half between the geometry without 
and with enclosure. 
 
This relationship can now be applied to the discharge. The obtained equation is: 
enclosurewithoutenclosurewith QQ  63.0 , being Qwith enclosure the discharge during works which 
induces the same hydrodynamics in the reservoir than the discharge Qwithout enclosure 
during the current situation. Considering a discharge of 400 m3/s during the current 
situation, the discharge during works inducing the same velocities would be 
approximately only 250 m3/s. 
 
Both relationships can also be computed for the discharge of 1’150 m3/s. In the case of 
the velocity increase, the relationship is: enclosurewithoutenclosurewith vv  54.1 . Applied to the 
discharge, the formula is: enclosurewithoutenclosurewith QQ  65.0 . This means, the same 
velocities are obtained with an approximately discharge of 750 m3/s during works or 
with a discharge of 1’150 m3/s during the current situation. 
 
Consequently, to have the same flow velocities during the decontamination works than 
for the current situation, the discharge has to be smaller.  
 
From an engineering point of view it would be interesting to calculate the behaviour of 
the hydrodynamic action when passing from the actual to the situation during works. 
The hydrodynamic action quantifies the erosive capacity of the flow, since it is directly 
proportional to the shear stress on the riverbed. Thus, it allows the detection of areas 
with greater probabilities of suffering erosion. This could be the scope of a further 
study. 
 
Since numerical modelling does a two-dimensional approximation and only provides 
the depth averaged horizontal velocity components for each velocity profile obtained 
through physical modelling, the transformation of the velocity profiles into a single value 
will be used later in order to compare the velocities measured in the physical model 
and those calculated by the numerical model (chapter 10). 
 
6.2.5 Contour mapping62 
In order to facilitate data interpretation, the software Surfer is used. Surfer is a 
contouring and surface mapping program.  
 
Contour maps, image maps, vector maps and shaded relief maps, all require grids for 
their generation in Surfer. A grid is a regular array of values comprised of evenly 
spaced rows and columns. Several methods are available on Surfer to convert data to 
a grid.  
 
Gridding methods produce a regularly spaced, rectangular array of Z values from 
irregularly spaced XYZ data. The term "irregularly spaced" means that the points follow 
no particular pattern over the extent of the map, so there are many "holes" where data 
is missing. Gridding fills these holes by extrapolating or interpolating Z values where no 
data exists.  
 
                                                 
62 If not otherwise specified, the given values are taken from Golden Software Inc, Surfer. Surface 
mapping system. Help manual, Colorado, 2002. 
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In the studied case, X and Y represent the coordinates in a transversal section and the 
Z value is equivalent to the water velocity component, which is perpendicular to section 
plane, in a cell with coordinates (X, Y).  
 
The various gridding methods provide different interpretations of the data because 
each method calculates grid node values using a different algorithm. In order to obtain 
a satisfying map of the physical modelling results, the different gridding methods were 
tested and the results compared. The following list gives a quick overview of some of 
these methods and their application to the results of the physical modelling: 
 
- Inverse distance to a power: Is a fast gridding method but tends to generate 
concentric contours around the data points. The Modified Shepard's method 
provides a similar interpolation but has a smaller tendency to generate 
concentric contour patterns, especially when a smoothing factor is used.  
 
Both independently applied methods generate these patterns around the cells 
with a measured velocity value.  
 
- Kriging: It is a flexible method and used for gridding almost any type of data 
set. Kriging can extrapolate grid values beyond the data's Z range.  
 
The obtained data grid, once mapped, shows satisfying results. 
 
- Minimum curvature: This gridding method generates smooth surfaces and is 
fast for most data sets but it can create high magnitude artefacts in areas of no 
data.  
 
In the studied case, they are big no-data-areas between the measured verticals. 
Hence this method is not applicable. 
 
- Natural neighbour: It generates good contours from data sets containing 
dense data in some areas and sparse data in other areas. It does not generate 
data in areas without data.  
 
The regions in the transversal sections containing data cannot be considered 
being dense and the regions where no measurement has been done contain 
less than sparse data. Therefore, the method once applied does not show good 
results. 
 
- Nearest neighbour: It is useful for converting regularly spaced (or almost 
regularly spaced) XYZ data files to grid files. It gives to each cell the value of 
the nearest measured value (nearest neighbour). When observations lie on a 
nearly complete grid with few missing holes, this method is useful for filling in 
the holes, or creating a grid file with the blanking value assigned to those 
locations where no data are present.  
 
Unfortunately, the data obtained through the physical modelling is not regularly 
spaced. This method is not appropriate for handling with the velocity measures. 
 
- Polynomial regression: This method processes the data so that underlying 
large-scale trends and patterns are included. This is used for trend surface 
analysis. Polynomial regression is very fast for any amount of data, but local 
details in the data are lost in the generated grid.  
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There are probably no underlying large-scale trends or patterns in the velocity 
measurement; hence this method does not result in a good mapping. 
 
- Radial basis function: Covers different types of gridding methods and can be 
compared to kriging since it generates the best overall interpretations of most 
data sets. This method produces a result quite similar to the kriging method. 
 
The multiquadric method, an exact interpolator, belongs to the radial basis 
function interpolation and provides the most satisfying mapped contour. 
 
Once the grid is created by the chosen interpolation method (in this case, the radial 
basis function) a contour map of the data can be generated. A contour map is a grid-
based map. It gives a two-dimensional representation of three-dimensional data. The 
first two dimensions are the XY coordinates, and the third dimension (Z) is represented 
by lines of equal value (in the studied case these lines will be isotachs; lines passing 
through points having the same velocity). The relative spacing of the contour lines 
indicates the relative slope of the surface. The area between two contour lines contains 
only grid nodes having Z values within the limits defined by the two enclosing contours.  
 
To show the spatial distribution of the original data, post maps can be created and 
overlaid to the contour map. Post maps give the XY locations of the measured data 
and place the corresponding Z value on this location. 
 
For each transversal section, contour maps with overlaid post maps have been created 
with the obtained velocities without and with enclosure for both analyzed discharges. 
The results are given in Appendix 6. 
 
In sections 17 and 22, the impact of the waste disposal is perceptible in the form of the 
profile on the right riverbank (on the left side in the figure) and therefore, it influences 
the height of the water layer in this region, which is smaller than in the other sections. 
 
Even if is not the section suffering the largest wetted area reduction, section 22 shows 
a large area of high velocities compared to other sections. Surprisingly, section 8, 
which suffers the largest area reduction when passing from one geometry to the other, 
does not show an area of high velocities particularly greater than other sections. 
 
For both geometries and both studied discharges, section 26, but specially section 28 
benefits from the expansion of the cross-section area. Thus the velocities are reduced 
over the whole surface and suggest a more homogeneous distribution, although this is 
not reflected in the Coriolis and Boussinesq coefficients (see chapter 6.2.2). 
 
To the interpolation method itself, it can be said that the interpolation is strongly 
attracted and influenced by the measurement points. This results in a contour map 
which is in part dominated by velocity peaks instead of a smoother velocity distribution 
for points being at the similar height. It seems that the chosen interpolation method is 
not appropriate for data with few measures. A linear interpolation would probably 
provide better results. 
 
The water level difference between the different measuring configurations for the same 
section is due to the problem mentioned in chapter 6.2.1 under Measurements. The 
influence of the different factors explained there, make that although the water level in 
the reservoir was for all configurations always the same, one point more or one less 
has been measured for the same vertical. This problem is well perceptible in section 8. 
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6.2.6 Further analysis 
For the consistency analysis of the obtained time series and the study of the velocity 
profile adjustment to theoretical profiles see the master project of Soledad Estrella 
Toral, which will be published in July 2009 at the Technical University of Catalonia.63 
 
 
6.3 Data interpretation  
 
After the analysis the results must be interpreted in order to evaluate the impact of the 
enclosure on the hydraulic reservoir’s performance. 
 
If the discharge does not vary between the studied situations and the section area is 
reduced by the enclosure, the flow velocity increases. 
 
Two measured verticals are however noteworthy: the vertical x = 29.86 in section 26 
and mainly the vertical x = 13.38 in section 28. The velocities in these verticals are 
smaller for a discharge of 1’150 m3/s, for the geometry with enclosure, than for the 
geometry without enclosure (contrariwise to all other measured verticals).  
The analysis of the location of these verticals on a plan view reveals that they are 
“hidden” behind the wall. Thus, they are not directly reached by the downstream flow 
and therefore, the measured velocities do not correspond to the river current but to 
dead water.  
This phenomenon is not perceptible for a flow discharge of 400 m3/s, because the 
mean flow velocity is too low to have an observable influence. 
 
In all other measured verticals, the velocity increases by almost 60 % when passing 
from the current geometry to the geometry during works. In order to get the same 
velocities magnitude, the discharge for the situation during works should be less than 
two thirds of the discharge for the current situation. 
 
Unfortunately, the flood recurrence period for the considered river stretch is not known. 
However, for a flood event with a high discharge, the recurrence period is larger than 
for a flood with a smaller discharge. Thus, it can be realized that during works, a flood 
with a smaller discharge (having a higher occurrence probability since it has a smaller 
recurrence period) will induce the same velocities (thus directly influencing the 
hydrodynamics) on the reservoir as a higher discharge (having a smaller occurrence 
probability) during the current situation.  
 
Velocities decrease at the contact with the enclosure’s wall and the bed bottom. They 
are drastically reduced near the wall.  
As water velocity is reduced, the erosive capacity of the river decreases as well, which 
benefits the stability of the confinement wall. Furthermore, since a part of the 
contaminated zone will not be isolated during works and this part borders with the wall 
(see chapter 4.1.3), the reduction of the erosive capacity near the enclosure can avoid 
the suspension of these contaminated sediments. 
However, the velocity decrease affects only the region in direct contact with the wall; 
velocities recover rapidly with the remoteness to the enclosure. It should not be 
overlooked that a velocity reduction increases the velocity dispersion and thus 
engenders a greater turbulence that can originate local erosion. This point should be 
studied more in detail. 
 
                                                 
63 The exact reference of this master project can not be given, since it has not yet been achieved and 
published. 
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As the discharge is increased from 400 to 1’150 m3/s, the velocity increases as well for 
the two considered geometries. However, since the velocities are higher for the 
geometry with enclosure, a change of discharge during works would have more impact. 
 
In the current situation, the presence of the submerged weir and of the waste deposit 
leads to a preferential path flow in the channel, which is located on the left riverbank 
(see chapter 4.1.3). This fact benefits the situation during decontamination works, since 
the right river margin will be narrowed and therefore the favoured flow path will not be 
affected too much. This fact explains why, in all sections, except section 28, for both 
geometries and both discharges, the velocity is always the highest in the same vertical 
of measures. These verticals are obviously on the left river side.  
 
Particularly interesting is the river stretch between sections 22 and 26. The unconfined 
part of the contaminated sediments is located between these sections. Even if section 
22 is not submitted to the largest surface reduction, it shows a greater region of high 
velocities compared to other sections. Here the preferential flow path is submitted to 
the largest influence of the enclosure. This explains the high velocities encountered for 
the geometry with enclosure. On the contrary, section 26 benefits from the gradual 
expansion of the cross-section areas as the dam is approached. Thus the velocities are 
reduced over the whole width for both geometries and both discharges.  
For these reasons, the behaviour of velocity between these two sections and its impact 
on the hydrodynamics is difficult to predict. 
 
Due to the sparse number of verticals of measures and of data in general, it is very 
difficult to make more enhanced interpretations and to better predict the influence of 
the enclosure on the reservoir’s hydrodynamics during works. Furthermore, the results 
obtained through physical modelling are only an approximation of reality. Therefore, 
they need to be analyzed, interpreted and exploited with care and criteria. 
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7 Numerical modelling methodology 
 
This chapter is dedicated to the methodology applied for the numerical modelling. First, 
the principles of numerical modelling are explained and the used numerical modelling 
system is introduced. Furthermore the numerical model of the reservoir of Flix is 
exposed before the modelling conditions are established. Second, the required 
instrumentation for numerical modelling is given. Thereafter, the calculation process 




7.1 Characterization of the numerical modelling 
7.1.1 Numerical models 
A numerical model is a tool allowing the modelling of real phenomena. Numerical 
modelling is based on the adaptation of mathematical models, often using the theory of 
finite elements64, to the numerical approach. They have become useful to gain insight 
into the operation of natural systems, or to observe their behaviour. 
 
The process of numerical modelling can be resumed as follows: 
- Choice of the numerical modelling system (adequacy of equations, numerical 
scheme, accessibility, experience, time and budget); 
- Importation or creation of the geometry of the stretch or area to model;  
- Domain discretization (sections, mesh); 
- Assignation of boundary and initial conditions; 
- Definition of the problem main parameters; 
- Calibration (Manning roughness coefficient, field measurements, sensitivity 
analysis); 
- Verification of the calibration; 
- Modelling; 
- Interpretation of the obtained results. 
 
CARPA65 
The chosen numerical modelling system to perform the simulation of the 
hydrodynamics of the Flix Reservoir is CARPA.  
 
CARPA (Cálculo en Alta Resolución de Propagación de Avenidas. In English: High 
resolution flood propagation modelling system) is a tool developed by the research 
group FLUMEN. It allows the numerical hydrodynamic simulation of free surface 
(steady or unsteady) water flow on (regular or irregular) geometries.  
 
CARPA integrates the shallow water equations in one or two dimensions using a finite 
volume discretization and high resolution numerical schemes which allow the 
computation of flow.  
The shallow water equations (also called Saint Venant equations) are a set of 
hyperbolic partial differential equations that describe the flow below a pressure surface 
in a fluid and therefore allow the modelling of flood propagation in rivers. They are 
                                                 
64 In numerical analysis, the theory of finite elements is used to solve numerically partial differential 
equations representing behaviours analytically. 
65 If not otherwise specified, the values given in this chapter are taken from Bladé i Castellet, E., Corestein, 
G., Sánchez-Juny, M., Gómez Valentín, M., User Manual of CARPA Modelling System. Version 2.0.1, 
Universitat Politècnica de Catalunya, Barcelona, January 2008. 
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obtained from the Navier-Stokes equations66, once time averaged values are 
considered to account for turbulence, thus getting the Reynolds equations67 and then 
depth averaging is performed.  
 
Shallow water equations are valid if the flow has a predominant two-dimensional 
behaviour, with negligible vertical velocities and accelerations, a moderate bottom 
slope, and a uniform velocity distribution on the vertical axis. 
 
The numerical scheme used by CARPA is based on the weight averaged flux with a 
total variation diminishing extension, which is a explicit finite volume scheme for 
hyperbolic conservation laws (as can be the shallow water equations), which can be 
understood as an extension to the equations system of the Lax-Wendroff scheme68. 
 
CARPA solves the Saint Venant equations in a conservative form. The accuracy of the 
results will be better the more adequate these equations are to the real physical 
phenomenon. 
 
The velocity of the simulations depends on the number of elements, the calculation 
time step, and the Courant condition69, which limits the time increment. The quality of 
the mesh is a crucial factor for the efficiency of the model. In one dimension, CARPA 
uses compounds of cross sections whereas in two dimensions meshes of triangles or 
quadrilaterals are employed.  
 
CARPA incorporates processes allowing the consideration of wet or dry domain, as 
well as the variation of roughness in space or with flow characteristics. It can be also 




CARPA can work either as a standalone program in a Windows environment or 
through GiD70 as a problemtype.  
 
GiD was developed by the International Center for Numerical Methods in Engineering 
(CIMNE). The CIMNE is an autonomous research and development group dedicated to 
the development of numerical methods and computational techniques for the solution 
of engineering problems.  
 
GiD is an interactive graphical user interface for the definition, preparation and 
visualization of all data related to a numerical simulation. Fluid dynamics is among the 
typical issues that can be tackled with GiD using numerical procedures. 
 
                                                 
66 The Navier-Stokes equations describe the motion of fluids. They arise from applying Newton's second 
law to fluid motion, together with the assumption that the fluid stress is the sum of a diffusing viscous term 
and a pressure term. 
67 The Reynolds equations are time-averaged equations describing the motion of fluids. They are primarily 
used while dealing with turbulent flows. These equations can be used with approximations based on 
knowledge of the properties of flow turbulence to give approximate averaged solutions to the Navier–
Stokes equations. 
68 The Lax–Wendroff method is a numerical method for the solution of hyperbolic partial differential 
equations, based on finite differences. It is second-order accurate in both space and time. 
69 The Courant condition or Courant–Friedrichs–Lewy condition is a condition for convergence while 
solving certain (usually hyperbolic) partial differential equations numerically. It arises when explicit time-
marching schemes are used for the numerical solution. As a consequence, the timestep must be less than 
a certain time in many explicit time-marching computer simulations, otherwise the simulation will produce 
wildly incorrect results. 
70 The acronym GiD stands probably for Geometria i Dades (In English: Geometry and Data). 
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Having defined the geometry, all the attributes and conditions are applied to the 
geometry without any reference to a mesh. Only when everything has been defined, 
the meshing of the geometrical domain is carried out. The numerical modelling process 
with GiD can be defined as: 
- Definition of the geometry (draw of points, lines, surfaces, volumes) or import 
using other facilities (e.g. computer aided design (CAD) files); 
- Definition of attributes and conditions applied to the geometrical entities 
(assignation of boundary and initial conditions, assignation of roughness, 
specification of the simulation type); 
- Mesh generation for finite element, finite volume or finite difference analysis; 
- Run of the simulation; 
- Visualization of the results. 
 
All domains are considered in 3-dimensional space but if there is no variation in the 
third coordinate (into the screen) the geometry is assumed to be 2-dimensional for the 
purposes of analysis and the visualization of results.  
 
When GiD is to be used for a particular type of analysis, it is necessary to predefine all 
the information required and to define the way the information is given to the solver 
module. The solver modules may then be included within the GiD software system. The 
collection of files used to configure GiD for a particular type of analysis is called 
problemtype. CARPA is such a problemtype of GiD. 
 
The results directly generated by CARPA are: depth and the two velocity components. 
However, in the post-process other results can be obtained from those, i.e. specific 
discharge, Froude number, water surface elevation, Manning’s roughness coefficient 
and Courant condition. 
 
7.1.2 Numerical model of the reservoir of Flix 
For a previous study71, the research group FLUMEN developed a two-dimensional 
model of the Flix Reservoir using CARPA.  
 
This model, which considers a two-dimensional approximation, will be used to 
complete the physical modelling carried out in the first part of this degree dissertation. 
Therefore the numerical modelling is focused on reproducing the experimental results 
of the physical modelling. 
 
The numerical model is a 1:1 reproduction of the prototype. It consists of the Flix dam, 
with its eight gates, the two water channels on the right riverbank that correspond in 
reality to the water abstraction channel and the navigation channel, which provide 
water to the hydroelectric power station and a stretch of the river covering the zone of 
interest about 2’135 m upstream (Figure 58). 
 
                                                 
71 Flumen (2006). 
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Figure 58 : View of the studied river stretch.72 The area studied in the numerical model is 
delimited by the green square. Scale 1:15’000. 
 
7.1.3 Geometry, discharges and boundary conditions 
Geometry 
Two geometries have to be studied during numerical modelling. The first corresponds 
to the current situation (without enclosure) and the other corresponds to the situation 
during works (with enclosure).  
 
For the two-dimensional simulation, geometry must be discretized by a mesh of 
elements. The mesh, serving as computing grid, varies according to the geometry to be 
modelled. The geometry corresponding to the current situation (without enclosure) is 
constituted by a mesh of 23’613 elements, specifically 23’474 quadrilaterals and 139 




                                                 
72 Background image is taked from Google Maps, 2009, [online]. http://maps.google.com. 
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b)   
Figure 59 : a) Geometry and b) mesh for the situation without enclosure.  
 
For the situation during works (with enclosure), the mesh is formed of 18’685 elements, 





Figure 60 : a) Geometry and b) mesh for the situation with enclosure.  
 
To undertake the velocity measurements in the physical model, 5 of the 40 sections 
have been selected. For the numerical modelling, computations are not done for single 
sections since CARPA calculates both velocity components (vX and vY) for each mesh 
element. Therefore no specific sections have been chosen. 
 
However in order to compare physical and numerical modelling, it is necessary to 
obtain the calculated velocities by the numerical model in the same verticals as the 
measured ones in the physical model.  
 
For this reason, with the help of the software application AutoCAD, two vector graphic 
files (*.dxf file)73 containing points with the coordinates of the measuring verticals (one 
                                                 
73 Vector graphics uses geometrical primitives such as points, lines, curves, and shapes or polygons, 
which are all based on mathematical equations, to represent images in computer graphics. Vector 
graphics files store these geometrical primitives that make up an image as mathematical formulae. 
Enclosure 
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file containing those of the geometry without enclosure and the other one those with 
enclosure) are created. These files overlaid in GiD the geometries of the numerical 
model. The mesh elements of the numerical model are bonded by nodes. A code is 
programmed with the programming language FORTRAN, especially suited to numeric 
computation, to find the closest nodes corresponding to the points on the vector 
graphic files. Once these nodes found, a macro is programmed on GiD in order to get 
an alphanumeric display of the velocities on these nodes. Therefore, these nodes 
should correspond to a plan view of the measured verticals in the physical model. 
 
In section 17, two points expressing the coordinates of the verticals of measures x = 
105.25 and x = 110.99 are too close. During transformation into a *.dxf file, this 
information has not been properly interpreted and the result is a single point instead of 
two. Therefore, in this section one point is missing compared to physical modelling. 
 
Given that CARPA does a two-dimensional approximation and only provides two 
components of the velocity (or the magnitude of them) on each vertical, the velocity 
profiles obtained by physical modelling have to be transformed into a single value. For 
this purpose see chapter 6.2.4. 
 
Discharges 




As a boundary condition, upstream flow is assumed to be uniformly distributed across 
the width of the reservoir.  
A two-dimensional total discharge is given as inflow (Figure 61a). The mean inflow 
velocity must also be specified. Its value is based on the experience obtained by the 
research group FLUMEN in similar models. This condition is assigned across the width 









1’150 1.0  
b)
Figure 61 : a) Inflow boundary conditions for both studied discharges. b) Corresponding 
user interface in GiD. 
 
Outflow can quit the model through the water abstraction channel (going to the 
hydroelectric turbines), the navigation channel (going to the hydroelectric turbines) or 
the floodgates. The maximum possible flow through the turbines is 400 m3/s.  
 
For a discharge of 400 m3/s at prototype scale, all water is used for power generation 
and leaves the physical model through the water abstraction channel (two thirds of the 
discharge) and the navigation channel (one third of the discharge).  
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In CARPA, for a subcritical flow, it is not possible to give an outlet boundary condition 
as discharge. Since this is possible for an inlet boundary condition, the outlet through 
the water channels is implemented as a negative inlet.  
 
This negative inlet discharge is given per unit width:  
b
Qq  , where 
q: unitary discharge [m2/s]; 
Q: discharge [m3/s]; 
b: width [m]. 
 
Since the outflow through the water channels is formulated as an inflow, the unitary 
discharge must be negative (a negative inlet is equal to an outlet).  
The different variables for both channels are given in Figure 62a. This condition is 
assigned across the width of each channel, where water is supposed to leave the 
model. 
 
Outlet Width Unitary discharge 
Q b q 
 









133.33 40.44 -3.30  
b)
Figure 62 : a) Outflow boundary conditions for both studied discharges. b) 
Corresponding user interface in GiD. 
 
For a discharge of 1’150 m3/s at prototype scale, the difference between the amount of 
water used for electricity production and the excess water must be evacuated through 
the floodgates. The difference is equal to 750400150'1   m3/s.  
 
In CARPA, for a subcritical flow, an outlet discharge can be formulated as water flowing 
over the top of a weir, and thus the discharge is calculated as follows:  
 23gd ZZLCQ  , where 
Q: discharge [m3/s]; 
Cd: weir coefficient (1.8 [-]); 
L: weir length [m], which corresponds to the floodgate’s width; 
Z: water level in the reservoir [m]; 
Zg: weir height [m]. 
 





2 hgbQ   , where  
Q: discharge [m3/s]; 
μ: overfall factor [-]; 
b: effective width overfall [m]; 
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g: gravitational acceleration (9.81 [m/s2]); 
h: overfall height [m]. 
 
Thus, for a total discharge of 1’150 m3/s in order to evacuate the excess discharge of 
750 m3/s, with a weir length of 45.70L  m (equivalent to the floodgate’s width) and a 
water level in the reservoir of 1.41Z  m.a.s.l., weir height Zg must be equal to 37.83 
m.a.s.l. This total height is distributed among the floodgates as seen in Figure 63a. 
 
Floodgate Outlet Length Weir height 
- Q L Zg 
[-] [m3/s] [m] [m.a.s.l.] 
5 187.50 23.28 38.38
6 187.50 23.70 38.42
a) 7 375.00 23.47 36.81
 
b)
Figure 63 : a) Supplementary outflow boundary conditions for a discharge of 1’150 m3/s. 
b) Corresponding user interface in GiD. 
 
All other floodgates are closed. This condition is assigned across the width of the 
floodgates 5 to 7, where excess water is supposed to leave the model. 
 
Initial conditions 
As initial condition in a two-dimensional simulation, the water depth (or as an 
alternative the water surface elevation) must be given.  
For both geometries and both discharges, the initial condition is given through the 
water level immediately upstream of the dam, which is 41.1 m.a.s.l. (Figure 64). This 
condition is assigned to the entire reservoir’s surface. 
 
 
Figure 64 : Initial condition for both studied discharges.  
 
Roughness 
Among the properties of the numerical model, a Manning roughness must be assigned. 
The Manning roughness coefficient, often denoted as n, is an empirically derived 
coefficient, which is dependent on many factors, including river-bottom roughness and 
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sinuosity. For the reservoir of Flix, this coefficient has been estimated to be 0.028 
s/m1/3 (Figure 65).74 This property is assigned to the entire reservoir’s surface. 
 
 
Figure 65 : Manning roughness for both studied discharges.  
 
Definition of the simulation’s type 
The type of simulation can either be one- or two-dimensional. In this case, the chosen 




Figure 66 : Simulation’s type for both studied discharges.  
 
Problem parameters 
Different problem parameters have to be set. Under those, the time variables must be 
defined. Simulation’s time, tmax, is fixed to 10’000 seconds and the time step for writing 
results, tres, to 100 seconds (Figure 67). Hence it is possible to verify when modelling 
gets stabilized (time invariant in- and outlet). 
 
                                                 
74 Flumen (2006). 
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Figure 67 : Time parameters for both studied discharges.  
 
 
7.2 Instrumentation of the numerical model 
 
Numerical modelling consists of carrying out a hydrodynamics simulation of the Flix 
Reservoir on a computer with the help of the numerical modelling system CARPA.  
 
Although CARPA can work as a standalone program in a Windows environment, the 
favoured option for this modelling is to work on GiD with CARPA as a problemtype. GiD 
can be downloaded from the website of the developers, the International Center for 
Numerical Methods in Engineering (http://gid.cimne.upc.es) and a license has to be 
acquired. CARPA can as well be requested by the developers, the research group 
FLUMEN, under their website (http://www.flumen.upc.edu/carpad.asp). 
 
 
7.3 Calibration, data calculation and data recording 
7.3.1 Calibration 
The numerical schemes developed and incorporated to the modelling system CARPA 
are verified exhaustively in Bladé i Castellet, E., Gómez Valentín, M., Modelación del 
flujo en lamina libre sobre cauces naturals. Análisis integrado en uno y dos 
dimensiones, Centro internacional de métodos numéricos en ingeniería, June 2006, p. 
139 – 190. 
 
In CARPA, the specific calibration for a concrete numerical model can only be achieved 
by modifying the geometry or the Manning roughness coefficient. 
For the studied numerical model, the geometry can not be modified since it is given by 
the bathymetry. As will be seen later (chapter 10.2.3), the modification of the Manning 
coefficient does not affect the results.  
 
7.3.2 Data calculation 
For calculation, CARPA requires a data file (CARPA2D.dat), which contains data for 
the two-dimensional module. It is an ASCII file, which is created once the simulation is 
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launched. Other optional files can also exist, like files containing information for the 
hydrological module. 
 
Once the simulation started, the data calculation process can be controlled through a 
calculation window (Figure 68). This output view allows following the calculus 
progression and obtaining simulation information. 
 
 
Figure 68 : Process information in the output view.  
 
7.3.3 Data recording 
CARPA writes the calculated data into ASCII formatted files. The generated files during 
simulation are: 
- The h.rep file gives the temporal evolution of water depth. 
- The u.rep and the v.rep files provide the temporal evolution of the velocity 
components x and y respectively. 
- The Manning.rep file contains the evolution of the Manning roughness 
coefficient with time. 
- The xyz.rep file gives the coordinates of the centers of the finite volumes. 
- The fluxos.rep file stores the inlet and outlet discharge at every time step. It is 
complemented by the tempsfet.rep file, which shows the calculated instants and 
the corresponding time step. 
 
Apart from these files, CARPA generates some other files needed by the system. 
 
Results are organized in groups of two lines (as many as instants with results): the first 






GiD has an extensive set of possibilities to visualize computation results of two-
dimensional computations, i.e. vectors, contours, contour lines, ranges, maximums and 
minimums, etc. For vector variables, it is possible to visualize only one component or 
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the magnitude of the components. GiD can also generate animations of the result’s 
temporal evolution. 
 
CARPA generates directly results in terms of hydraulic variables: water depth and the 
two velocity components. As mentioned well, other results can be obtained from those. 
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8 Numerical modelling results 
 
This chapter documents the results obtained by numerical modelling. Among the 
different results made available by CARPA, the most important ones have been chosen 
and represented graphically (in a chromatic scale): 
- Velocity in [m/s]; 
- Specific discharge in [m2/s]; 
- Water elevation in [m.a.s.l.]. 
 
The two-dimensional modelling implies that the velocity results correspond to values 
averaged over depth. It means, in each point of the studied stretch, only one velocity 
vector (with its corresponding horizontal components, vX and vY) is obtained by 
numerical modelling. The velocity represented in the graphics corresponds to the 
magnitude of this vector. The x-direction corresponds to the y-direction in the physical 
modelling (main flux direction, see Figure 28).  
 
Specific discharge is the flow per unit width, which can be obtained as the product of 
the water elevation and the velocity. It provides information about the transport capacity 
of each river zone.  
 
Water elevation is important for the Sebes' nature reserve. This reserve exists partly 
thanks to the dam. Since the hydropower generation turbines are not operated 
continuously, but only on demand, the reservoir’s water elevation rises and falls a few 
centimetres per day and therefore the water level in the reed beds varies too, 
increasing the habitat’s diversity and the number of present fauna species. 
 
The results of the simulation are given through a chromatic scale. The given 
alphanumeric values (in a black frame) are the velocity of points having the same 
coordinates as the verticals of measures carried out by physical modelling (see chapter 
7.1.3, Geometry). If the points on the same abscissa are joined, they result in the 
transversal sections studied during physical modelling. 
 
In order to facilitate the analysis, the results obtained for both geometries, without 
enclosure and with enclosure, are one below the other and the same chromatic scale is 
applied. The results are represented for a river stretch of 1'675 m upstream from the 
dam, although the numerical model comprises a stretch of 2'135 m. The illustrated river 
stretch is shorter than the modelled one because a zoom is done on the region 
interesting for this study.  
 
All values are given at prototype scale. The minimum level of the chromatic scale is 
actually 0.001. It is not set to 0 to better discern the riverbed and the riverbanks. The 
maximum level does not correspond to the maximal values encountered in the model. 
It is set to the maximal value gathered in the main riverbed. For this reason, the water 
channels are often not entirely coloured.  
 
The velocity fields obtained by numerical modelling for both studied geometries are 
illustrated in Figure 69 for the discharge of 400 m3/s and in Figure 70 for the discharge 
of 1’150 m3/s. The two-dimensional velocity fields as well as the results for the specific 
discharge and the water elevation over the whole modelled river stretch are given in 
Appendix 7. The alphanumeric values are no longer given since their size would be too 
small. 




























































































9 Numerical modelling analysis 
 
This chapter is devoted to the validation, the analysis and the interpretation of the data 
obtained by numerical modelling.  
 
Concerning data validation, some general purposes are given. However only an 
experimental validation seems to reach the aim of corroborate the obtained data. The 
comparison of physical and numerical results will be discussed in chapter 10.  
 
The obtained results for velocity, specific discharge and water elevation are analyzed. 
The different configurations are studied separately and then compared. A test has been 
carried out to analyse the turbulence on the reservoir; the result is briefly explained. 
Furthermore, the velocity increase between both geometries is computed and the 
obtained relationship is given. 
 
Last, the results and their subsequent analysis are interpreted. This interpretation 
should allow a better planning of the decontamination process. 
 
 
9.1 Data validation 
 
The numerical modelling system used has been amply and widely verified since its 
construction and is supposed to give consistent results. However, the validation of data 
for the numerical model of the Flix Reservoir is not easily accomplished and common 
sense is required.  
 
The meshing process is primordial in order to obtain numerical results close to reality. 
The mesh serves as calculation grid for the modelling system. The obtained numerical 
modelling results are directly linked to the mesh criteria chosen. The more the mesh is 
fine, the better the numerical model will fit to the prototype and the closer modelled 
hydrodynamics will be to fluid dynamics in the prototype. However computation time for 
each time step will be increased consequently. The challenge lies in finding a mesh 
representing well enough the prototype and allowing a reasonable simulation time. 
 
Once initial and boundary conditions are correctly assigned, modelling must been 
carried out until the flow reaches steady state in order to obtain numerical values 
matching with reality. Steady state is considered to be attained if the volume variation 
in the reservoir is less than 0.1 % during 1'000 simulation seconds. 
 
A rigorous data validation can only be carried out with the help of external elements. 
This means the use of field measurements and physical modelling measurements to 
contrast the results obtained by numerical modelling. The comparison between 
physical modelling and numerical modelling will be done in chapter 10. 
 
 
9.2 Data analysis 
9.2.1 General purposes 
Water elevation 
As it was predictable, the velocity increases when passing from the geometry without 
enclosure to the geometry with enclosure, but a more specific analysis can be done for 
the different studied configurations. 
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For a discharge of 400 m3/s and the geometry without enclosure, the following 
statements can be done after studying the results of the numerical modelling: 
- The velocity field is homogeneously distributed along the region of interest 
(Figure 69). However, if the whole modelled river stretch is considered 
(Appendix 7, Velocity fields), a cleavage can be observed. The river stretch can 
be halved. The first upper half shows smaller velocities than the second half. At 
present, the second half (being the region interesting for this study) is, 
compared to the first half, already subject to an area reduction by the presence 
of the waste disposal. The transition between the two halves has an oblique 
form. This is probably due to the submerged weir, which is located more or less 
at this place. 
- The influence of the riverbanks (and the consequent water velocity reduction) 
affects only a small area because velocities recover rapidly with the distance 
from the edges. 
- There is a significant velocity increase in the direction of the water channels. 
This is logical considering that they represent the only reservoir's outlet for this 
configuration. Since the water flow is attracted to the water channels, the 
velocity near the dam is practically zero. 
 
For a discharge of 400 m3/s and the geometry with enclosure (Figure 69; Appendix 7, 
Velocity fields), the same assertions are valid with the difference of: 
- The effect of increased velocities in the second (lower) half compared to the 
first (upper) half is also present for the situation during works. However, an 
additional velocity increase must be added to this effect due to the presence of 
the enclosure. This increase is especially noticeable in the middle part of the 
enclosure and in the enclosure elbow across the water channels. 
- In addition to the velocity decrease towards the shore, a decrease toward the 
enclosure is perceptible. But also in this case, velocity recovers quickly with the 
remoteness to the enclosure. 
- As water flow turns to the water channels to exit the reservoir, velocities are not 
homogeneously distributed along a cross-section. They are higher in the inner 
part of the trajectory. This is expected since the same phenomenon can be 
observed in river turns. In the geometry without enclosure, the curvature radius 
of the trajectory is less pronounced and therefore this effect is less pronounced 
- Regarding the studied section themselves, it can be said that velocities are 
highest between sections 17 and 22. With the enlargement of the transverse 
area, velocities decrease in sections 26 and 28. Section 8 also benefits from a 
relatively large transverse area and shows low velocities. 
 
For a discharge of 1'150 m3/s and both geometries (Figure 70; Appendix 7, Velocity 
fields), all statements above are valid except: 
- The water flow is less attracted by the water channels compared to the 
discharge of 400 m3/s since the water has another way to exit the reservoir: the 
floodgates. Moreover, the velocity between the main part of the reservoir and 
the water channels decreases, and then increases at the channel's entrance. 
- For the situation during works, water is also less attracted by the water 
channels. Nevertheless it suffers a deviation to the right riverbank before it turns 
again to the left towards the opened floodgates. 
- Regarding the studied section themselves, the velocity increase for the situation 
during works is more homogenous between sections 8 and 26 as it was for the 
discharge of 400 m3/s. With the enlargement of the transverse area, velocities 
decrease in sections 26 and 28. Section 8 also benefits from a relatively large 





As expected, the specific discharge shows the same behaviour as the velocities for 
both geometries and both discharges (Appendix 7, Specific discharge). 
 
Water elevation 
The water elevation fields can be observed in Appendix 7, Water elevation.  
 
For the geometry without enclosure and a discharge of 400 m3/s, the water elevation 
after 10'000 time steps respects well the initial condition of a water elevation of 41.1 
m.a.s.l. or is slightly below. The lowest water elevation is found at the entrance to the 
water channels (41.07 m.a.s.l.). For the same discharge but with the enclosure, the 
water elevation increases gradually from downstream to upstream from less of 41.07 to 
over 41.11 m.a.s.l. The increase is more abrupt in the transition between the area with 
enclosure (lower half) and the upper area. 
 
For a discharge of 1'150 m3/s, the variations of the water elevation for the geometry 
without enclosure are more marked as for 400 m3/s. The water elevation lies between 
41.10 and 41.20 m.a.s.l. For the geometry during works, the water level increases also 
progressively in the opposite direction of the flux, going from 41.10 to 41.45 m.a.s.l. 
 
In general, it can be ascertained that the presence of the waste disposal prevents a 
homogeneous distribution of the water layer on the right riverbank and creates a 
preferential flow path on the left riverbank side. 
 
9.2.2 Calculated velocity components 
For numerical modelling, the given velocities correspond to the magnitude of the 
velocity vector (the magnitude of its corresponding depth averaged horizontal 
components, vX and vY). Physical modelling however only considers the velocity 
component along the main flux direction (see chapter 4.2.2 and chapter 6.2.1, 
Measured velocity components). For this reason it is interesting to analyse the 
difference between the velocity given by the magnitude of vX and vY and the velocity 
given only by vX (main flux direction) in numerical modelling. A comparison is given in 
Figure 71. 
 
















Figure 71 : Velocities obtained for the geometry with enclosure for a discharge of 400 
m3/s by numerical model. The velocities given in the upper figure correspond to the 
magnitude of vX and vY. The velocities given in the lower figure correspond to vX. 
 
The alphanumeric values correspond to the velocity of points having the same 
coordinates as the verticals of measures carried out by physical modelling. If they are 
compared, it can be seen that in most cases they are equal. In a few cases the 
difference is of 0.01 m/s (at prototype scale) and only in one case the difference is 
higher (0.04 m/s for the point on the upper right corner). These results support the 
decision made during physical modelling of only consider velocities measured along 
the main flux direction. 
 
9.2.3 Turbulence 
The software used for numerical modelling, CARPA, can since recently also calculate 
the effects of turbulence in a water flow. To ascertain the influence of turbulence on the 
reservoir hydrodynamics and to test this tool, the same modelling is launched, but this 
time incorporating the turbulence parameter.  
 
It turns out that this tool is not yet sufficiently developed to be implemented in modelling 
with the extent of the studied case. Each trial ends by the display of an error message. 
 
9.2.4 Velocity increase between both geometries 
If the velocity increase between the geometry without and with enclosure is computed 
and averaged over all verticals of measures, the following relationship for the discharge 
of 400 m3/s is obtained: enclosurewithoutenclosurewith vv  54.1 . The flow velocity during works 
is 1.54-times larger than the flow velocity in the current situation. This is logical since 
the river area is reduced of half between the geometry without and with enclosure. 
 
This relationship can now be applied to the discharge. The obtained equation is: 
enclosurewithoutenclosurewith QQ  65.0 , being Qwith enclosure the discharge during works which 
induces the same hydrodynamics in the reservoir than the discharge Qwithout enclosure 
during the current situation. Considering a discharge of 400 m3/s during the current 
situation, the discharge during works inducing the same velocities would be 
approximately 260 m3/s. 
 
Compared to the results of the physical modelling, it can be said that the obtained 
relationships are similar. 
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Both relationships can also be computed for the discharge of 1’150 m3/s. In the case of 
the velocity increase, the relationship is: enclosurewithoutenclosurewith vv  35.1 . Applied to the 
discharge, the formula is: enclosurewithoutenclosurewith QQ  74.0 . This means, the same 
velocities are obtained with an approximately discharge of 850 m3/s during works or 
with a discharge of 1’150 m3/s during the current situation. 
 
Compared to the results obtained by physical modelling, it can be ascertained that the 
obtained relationships for numerical modelling are smaller than those obtained by 
physical modelling. This means that numerical modelling predicts a smaller velocity 
increase between the geometry without enclosure and the geometry with enclosure for 
a discharge of 1'150 m3/s than physical modelling does. 
 
 
9.3 Data interpretation 
 
The analysis outputs must be interpreted in order to evaluate the impact of the 
enclosure on the hydraulic reservoir’s performance. 
 
The analysis of the velocity and unit discharge fields for the current geometry, for both 
discharges, confirms the presence of a main conveyance flow path within the reservoir. 
This path is closely linked to the presence of a submerged weir and of the solid waste.  
 
Comparing the results for the current situation and the situation during works for the 
same discharge leads to the following assertion: The geometry of the enclosure 
respects as much as possible this main conveyance way, in order to minimize the 
alteration of the actual hydrodynamics, particularly the actions on the riverbed.  
 
It can be observed, that the presence of the enclosure induces a velocity increment. 
However, no singularities (zones of high or low velocities) are observable, which 
indicates that the enclosure's geometry fits well with the hydrodynamics of this river 
stretch. Only one exception is noteworthy: the region around the enclosure elbow 
across the water channels is submitted to a high velocities field. 
 
Velocity increases by almost 55 % when passing from the current geometry to the 
geometry during works for a discharge of 400 m3/s, which lies in the same range as the 
physical modelling results. For the discharge of 1'150 m3/s, the increase is of only 35 
%, which is smaller than the results obtained for the same configuration by physical 
modelling. Nevertheless, similar considerations to those done for physical modelling 
can be made concerning the flood recurrence period and its impact on the modified 
hydrodynamics of the reservoir. 
 
On the one side, velocities decrease at the contact with the enclosure’s wall and the 
shore but it affects only a small area because velocities recover rapidly with the 
distance from the edges. On the other side, the presence of the enclosure provokes a 
concentration of the flow on the left riverbank, which at its turn increments the 
hydrodynamics actions in this zone. 
 
The not confined part of the contaminated sediments is located between sections 22 
and 26. As well shown by physical modelling, the velocity is high in section 22 and 
decreases substantially downstream. For a discharge of 400 m3/s, the decrease begins 
before section 26 and for a discharge of 1'150 m3/s it is only after this section that the 
velocities are reduced. This behaviour could be important to prevent the erosion of the 
non confined pollutants. 
 112
The enclosure induces a rise of the water layer, with an increase of discharge. For a 
discharge of 400 m3/s and with a water level immediately upstream of the dam of 41.1 
m.a.s.l., the enclosure induces a maximal rise of 10 cm. For a discharge of 1'150 m3/s 
and for the same water level, the rise is of 35 cm. This fact is important since water 
elevation conditions the hydraulic behaviour of the reservoir. For example, the 
hydrodynamic action, which quantifies the erosive capacity on the riverbed, is inversely 
proportional to water height. The rise of the water level is also important for the Sebes’ 
nature reserve, since it could affect its riverbed biodiversity. 
 
As well as for the physical modelling, the results obtained through CARPA are only an 
approximation of reality and need also to be used with care and criteria. 
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10 Comparison between physical and numerical 
modelling 
 
This chapter will compare the results obtained by physical and numerical modelling, 
one of the objectives of this degree dissertation. Furthermore, the accuracy and the 
adequacy of the numerical model, particularly with regard to the hypothesis of two-
dimensionality must be evaluated, another objective of this project. 
 
A comparison of the results obtained for the same study configurations (geometry and 
discharge) by both models is given. The analysis of this comparison outlines the 
differences encountered between both models. 
A few modifications are carried out in order to improve the concordance between the 
physical and the numerical results. Once, the modifications are done, the model 
outputs are calculated and a definitive configuration for the numerical modelling is 
defined.  
The results are compared again to those of physical modelling and interpreted.  
 
 
10.1 Comparison of the results obtained by physical and numerical 
modelling 
 
Physical modelling provides, as seen in chapter 5, a velocity profile for each measured 
vertical. Numerical modelling by CARPA does a two-dimensional approximation and 
only provides the depth averaged horizontal velocity components for each vertical of 
measures (chapter 8). For this reason, the velocity profiles obtained by physical 
modelling have to be transformed into a single value, the mean velocity over the profile. 
For this purpose see chapter 6.2.4 
 
The studied geometries, discharges and boundary conditions are the same for the 
physical modelling (chapter 4.1.3) as for the numerical modelling (chapter 7.1.3). To 
compare the modelling results, the numerical values are subtracted from the physical 
values. The comparison is done sectionwise and per vertical of measures. This is done 
in Table 13 (geometry without enclosure and a discharge of 400 m3/s), Table 14 
(geometry with enclosure and a discharge of 400 m3/s), Table 15 (geometry without 
enclosure and a discharge of 1'150 m3/s) and Table 16 (geometry with enclosure and a 
discharge of 1'150 m3/s). Positive values mean that the physical modelling velocities 
















Table 13 : Subtraction of the numerical velocities from the physical velocities for the 
geometry without enclosure and a discharge of 400 m3/s. 
400 [m3/s] 











[m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] 
    110.99   116.78 -0.14     133.30 -0.01
86.71 0.04 105.25 -0.04 103.77 -0.03 121.24 -0.02 112.36 -0.04
72.72 0.00 80.19 -0.03 83.00 -0.01 103.04 0.03 69.92 -0.05
36.68 0.03 52.39 0.03 37.04 -0.01 55.10 -0.04 50.20 -0.07
14.04 0.01 17.47 0.01 23.38 -0.05 29.86 -0.02 13.38 -0.02
0.00 -0.04 0.00 -0.05 0.00 -0.07 0.00 -0.05 0.00 -0.04
-17.90 -0.01 -15.74 -0.04 -19.26 -0.08 -27.86 -0.07 -31.54 -0.08
-44.76 -0.06 -27.48 -0.05   -45.84 -0.15 -59.87 -0.07
-63.32 -0.08 -36.99 -0.03     -76.06 -0.10
 
Table 14 : Subtraction of the numerical velocities from the physical velocities for the 
geometry with enclosure and a discharge of 400 m3/s. 
400 [m3/s] 











[m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] 
86.71 -0.07 105.25 -0.10 116.78 -0.01 121.24 0.14 133.30 -0.02
72.72 0.03 80.19 -0.01 103.77 0.00 103.04 0.02 112.36 0.14
36.68 0.11 52.39 0.00 83.00 -0.14 55.10 -0.05 69.92 -0.12
14.04 0.06  37.04 0.04 29.86 -0.12 50.20 -0.05
    13.38 -0.12
 
Table 15 : Subtraction of the numerical velocities from the physical velocities for the 
geometry without enclosure and a discharge of 1’150 m3/s. 
1’150 [m3/s] 











[m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] 
    110.99   116.78 -0.11     133.30 -0.04
86.71 -0.10 105.25 0.23 103.77 -0.12 121.24 -0.02 112.36 -0.02
72.72 -0.10 80.19 -0.04 83.00 -0.13 103.04 -0.08 69.92 -0.15
36.68 -0.09 52.39 -0.10 37.04 -0.09 55.10 -0.12 50.20 -0.08
14.04 0.09 17.47 -0.13 23.38 -0.32 29.86 -0.08 13.38 -0.06
0.00 -0.06 0.00 -0.08 0.00 0.00 0.00 -0.38 0.00 -0.12
-17.90 -0.04 -15.74 -0.10 -19.26 0.00 -27.86 0.00 -31.54 -0.10
-44.76 -0.05 -27.48 -0.15  -45.84 0.00 -59.87 -0.06
-63.32 0.00 -36.99 0.00    -76.06 -0.39
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Table 16 : Subtraction of the numerical velocities from the physical velocities for the 
geometry with enclosure and a discharge of 1’150 m3/s. 
1’150 [m3/s] 











[m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] 
86.71 -0.09 105.25 -0.21 116.78 -0.18 121.24 -0.45 133.30 -0.69
72.72 -0.09 80.19 0.00 103.77 0.04 103.04 0.01 112.36 -0.35
36.68 -0.13 52.39 0.00 83.00 0.11 55.10 0.55 69.92 -0.26
14.04 0.00  37.04 0.00 29.86 0.00 50.20 0.89
    13.38 0.44
 
The average differences lay between -0.04 m/s and -0.01 m/s for the discharge of 400 
m3/s and considerably higher for the discharge of 1'150 m3/s (-0.08 m/s for the 
geometry without enclosure and 0.07 m/s for the geometry with enclosure). Even if the 
velocities on the considered points are not identical, the results obtained for 400 m3/s 
by both modelling are pretty similar.  
 
A graphical comparison of the results is given in Appendix 8, Original conditions. The 
velocity in [m/s] is given in function of the distance in [m] to the origin (0,0) of each 
transversal section (Figure 28). It can be interpreted as a plan view of the velocity field 
in a transversal section. In order to facilitate the analysis, the results for the geometries 
without and with enclosure obtained for the physical and the numerical modelling are 
overlaid on the same graph. Furthermore, the results obtained for both discharges, 400 
m3/s and 1'150 m3/s, are juxtaposed. 
 
The following statements can be done: 
- The velocity values are relatively close, especially for the central region of the 
transversal sections; the highest differences are to the edges. For physical 
modelling, it is at the edges where measuring is the most difficult due to a small 
water layer height. For numerical simulations, the mesh fineness is crucial for 
the correct simulation of the boundaries (chapter 10.2.1). 
- Numerical velocities are in many cases slightly higher than those obtained by 
physical modelling, especially for the discharge of 1’150 m3/s. A modification of 
the boundary and initial conditions could improve results (chapter 10.2.2). 
- Physical and numerical results obtained for transversal section 26 and 
especially for transversal section 28 match less well together than other 
sections do. In the case of numerical modelling, these sections show a velocity 
increase towards the right riverbank (where the water channels are located). 
This is not the case for the physical modelling. To counteract this deviation, the 
variation of the Manning roughness could be the solution (chapter 10.2.3). 
- In general, the results for the geometry without enclosure fit better together than 
the results for the geometry with enclosure. For the geometry with enclosure, 
numerical results show a less constrained behaviour towards the enclosure 
than the results of the physical model. Introducing a no-slip condition75 in the 




                                                 
75 The no-slip condition states that at a solid boundary, the velocity of the fluid (relative to the boundary) is 
zero. 
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10.2 Modification of the numerical modelling settings  
 
In order to fit better both models together, the modelling settings have to be modified. 
These modifications are done on the numerical model and not on the physical model. 




For physical modelling, it is difficult more to obtain consistent velocity profiles at the 
edges of the section and despite several reiterations some of the profiles obtained for 
verticals of measures near the shore are not trustworthy (i.e. negative velocities 
alternate with positive velocities on the same profile). For the numerical modelling, a 
new discretization of the mesh would imply to redo numerical modelling ab initio.  
For both reason, it is decided not to act on the geometry and to seek for a solution 
elsewhere. 
 
10.2.2 Boundary and initial conditions 
On the one side, the numerical model is two-dimensional and the result is the 
magnitude of two velocity components. On the other side, the velocities obtained by 
physical modelling take into account only the velocity component in the main flux 
direction (y-axis).  
If the velocity component perpendicular (x-axis) to the main flux direction and the 
velocity component in the vertical (z-axis) cannot be neglected, the velocities obtained 
by physical modelling would be shortened by the magnitude of these neglected velocity 
components. A test carried out by numerical modelling only taking into account the 
magnitude of the velocity component in the main flow direction (in the case of 
numerical modelling it is named x-axis), shows nearly no differences with a modelling 
taking into account the magnitude of all velocity components (see chapter 9.2.2). 
For this reason it can be excluded that the difference between experimental and 
numerical results is due to the considered (or not considered) velocity components. 
 
The system checking the water layer height immediately upstream of the dam could be 
a source of errors if it is not exactly placed at 41.1 m.a.s.l. (a boundary condition). If the 
system is placed a little higher, the water level in the reservoir will be higher too and 
therefore, for the same discharge, velocities will be smaller since the wetted area will 
be higher. 
 
According to the relation vAQ  , with a given discharge Q and wanting to act on the 
velocity v, the only parameter available is the area A. To reduce the velocity, the area 
must be increased. Looking at the comparison between the physical and numerical 
results (Table 13 to Table 16 and Appendix 8, Original conditions), the numerical 
velocities are approximately 10 to 15 % higher than the physical velocities. Therefore 
the area must be increased by the same percentage to obtain similar velocities. For a 
mean water depth of approximately 7 m and a section's width of approximately 250 m, 
an increase of 15 % of the area represents an approximate increase of 1 m of the 
water layer. The boundary and initial conditions are changed as follows: 
- For the modelling of Q = 400 m3/s, the initial condition is modified from 41.1 to 
42.1 m.a.s.l. 
- For the modelling of Q = 1'150 m3/s, the outlet discharge through the floodgates 
is modified by changing the weir height Zg from 37.83 to 38.83 m.a.s.l. This total 
height is distributed among the floodgates as seen in Table 17.  
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Table 17: Modified outflow boundary conditions for a discharge of 1’150 m3/s. 
Floodgate Outlet Length Weir height 
- Q L Zg 
[-] [m3/s] [m] [m.a.s.l.] 
5 187.50 23.28 39.38
6 187.50 23.70 39.42
7 375.00 23.47 37.81
  
Once the numerical modelling achieved with the new boundary conditions, the 
subsequent analysis shows that the new velocities are below those of physical 
modelling for both studied discharges (Appendix 8, Modified boundary and initial 
conditions 1). The "right" value must lie in-between.  
 
The boundary and initial conditions are again modified; this time the water layer height 
is only elevated of 0.5 m for both discharges. The results are given in Appendix 8, 
Modified boundary and initial conditions 2. The numerical results for the discharge 
1'150 m3/s correspond in most sections very well (especially for the geometry without 
enclosure). The results for the discharge 400 m3/s are still too small. The initial settings 
for 400 m3/s seem to furnish the better results, although a little higher as those 
obtained by physical modelling. 
 
10.2.3 Roughness 
Numerical modelling seems to be less influenced by the riverbed and its roughness 
than physical modelling does. It shows a tendency of flowing towards the right 
riverbank even when the bathymetry of the riverbed predestines water to flow more 
towards the left riverbank.  
To counteract this fact, the Manning roughness coefficient can be modified. It is 
changed from 0.028 to 0.040 s/m1/3 (the chosen value is supposed to be too high to 
better see influences). But the results are rather disappointing, since this modification 
has little effect on the velocities (Appendix 8, Modified roughness). Only velocities 
towards the edges are reduced, but merely slightly.  
 
10.2.4 Problem parameters 
Numerical velocities calculated near the enclosure show a less constrained behaviour 
towards the enclosure than physical one do.  
Any real fluid moving along a solid boundary incurs a shear stress on that boundary. 
Water particles close to the solid boundary do not move along with the flow when 
adhesion (to the solid boundary) is stronger than cohesion (to other water particles).  
 
In fluid dynamics, the no-slip condition states that at a solid boundary, the velocity of 
the fluid (relative to the boundary) is zero. Therefore the fluid velocity at all fluid–solid 
boundaries is equal to that of the solid boundary. The velocity of the enclosure (the 
solid boundary in the studied case) is zero, since it is static.  
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At some distance from the boundary, the flow velocity must equal that of the fluid. The 
region between these two points is called boundary layer. 
 
Under the problem parameters to be set, CARPA allows to implement the no-slip 
condition. A modelling is launched implementing this condition. In Figure 72, a zoom of 
the results on the river stretch between section 17 and 22 is given. This figure shows 
that the effect of the no-slip condition in only perceptible on the three or four elements 
near the enclosure. The other elements are not affected or only slightly affected.  
 
At it can be seen in Figure 72, the boundary layer (green and yellow rows) is relatively 
small.  
 



















Figure 72 : Velocities obtained for the geometry with enclosure for a discharge of 1’150 
m3/s by numerical model. The velocities given in the upper figure correspond to a 
modelling with the slip condition. The velocities given in the lower figure correspond to a 
modelling with a non-slip condition. Scale 1:400. 
 




10.3 Comparison between physical modelling and modified numerical 
modelling 
 
As seen above, the changes of the initial conditions for the discharge of 400 m3/s and 
the modifications of the Manning roughness and the problem parameters do not 
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improve significantly the results. Therefore the only modification implemented is the 
change of the boundary conditions (weir height of 38.33 instead of 37.83 m.a.s.l.) for 
the discharge of 1'150 m3/s. 
 
To compare these results, the numerical values can again be subtracted from the 
experimental values. Since only the results for the discharge of 1'150 m3/s have been 
modified, the computation is only done for this discharge (for the discharge of 400 m3/s 
refer to Table 13 and Table 14). In Table 18 the differences between physical and 
numerical modelling are computed for the current situation and in Table 19 the same is 
done for the situation during works. 
 
Table 18 : Subtraction of the numerical velocities from the physical velocities for the 
geometry without enclosure and a discharge of 1’150 m3/s. 
1’150 [m3/s] 











[m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] 
    110.99   116.78 0.00     133.30 0.15
86.71 0.03 105.25 -0.06 103.77 0.07 121.24 0.38 112.36 0.39
72.72 0.06 80.19 0.01 83.00 -0.02 103.04 0.08 69.92 -0.10
36.68 0.04 52.39 0.02 37.04 -0.05 55.10 -0.09 50.20 -0.12
14.04 0.17 17.47 -0.04 23.38 -0.04 29.86 -0.06 13.38 -0.07
0.00 0.00 0.00 -0.04 0.00 -0.06 0.00 -0.03 0.00 -0.10
-17.90 -0.01 -15.74 -0.02 -19.26 -0.14 -27.86 -0.25 -31.54 -0.31
-44.76 -0.02 -27.48 0.16 -45.84 -0.36 -59.87 -0.39
-63.32 -0.07 -36.99 0.23  -76.06 -0.33
 
Table 19 : Subtraction of the numerical velocities from the physical velocities for the 
geometry with enclosure and a discharge of 1’150 m3/s. 
1’150 [m3/s] 











[m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] [m] [m/s] 
86.71 -0.01 105.25 -0.10 116.78 0.00 121.24 0.54 133.30 0.48
72.72 0.05 80.19 0.00 103.77 0.13 103.04 0.11 112.36 0.83
36.68 0.04 52.39 0.03 83.00 -0.03 55.10 -0.31 69.92 -0.16
14.04 0.17  37.04 -0.09 29.86 -0.56 50.20 -0.25
    13.38 -0.60
 
The average differences have considerably improved for the discharge of 1'150 m3/s, 
with an average difference of -0.03 m/s for the current situation (instead of -0.08 m/s) 
for the geometry without enclosure and 0.01 m/s for the geometry with enclosure 
(instead of 0.07 m/s).  
 
Once this parameter changed, the velocity increase for a discharge of 1'150 m3/s 
between the velocities for the current situation and the situation during works can be 
recalculated. The obtained relationships are: enclosurewithoutenclosurewith vv  57.1  and 
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enclosurewithoutenclosurewith QQ  64.0 . This time, these relationships are closer to those 
obtained by physical modelling. 
 
The obtained relationships are resumed in Table 20 for a discharge of 400 m3/s and in 
Table 21 for a discharge of 1’150 m3/s. 
 
 Table 20 : Comparison of the relationships obtained by physical and numerical 
modelling for the velocity and the discharge for a discharge of 400 m3/s. 
Q = 400 [m3/s] 
Variable 
Physical modelling Numerical modelling 
Velocity enclosurewithoutenclosurewith vv  59.1  enclosurewithoutenclosurewith vv  54.1  
Discharge enclosurewithoutenclosurewith QQ  63.0 enclosurewithoutenclosurewith QQ  65.0  
 
Table 21 : Comparison of the relationships obtained by physical and numerical modelling 
for the velocity and the discharge for a discharge of 400 m3/s. 
Q = 400 [m3/s] 
Variable 
Physical modelling Numerical modelling 
Velocity enclosurewithoutenclosurewith vv  54.1  enclosurewithoutenclosurewith vv  57.1  
Discharge enclosurewithoutenclosurewith QQ  65.0 enclosurewithoutenclosurewith QQ  64.0  
 
A graphical comparison of the definitive results obtained by physical and numerical 
modelling is given in Figure 73. The velocity in [m/s] is given in function of the distance 
in [m] to the origin (0,0) of each transversal section (Figure 28). It can be interpreted as 
a plan view of the velocity field in a transversal section. In order to facilitate the 
analysis, the results for the geometries without and with enclosure obtained for the 
physical and the numerical modelling are overlaid on the same graph. Furthermore, the 
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Figure 73 : Comparison between physical modelling and modified numerical modelling 
for both geometries and both discharges. Negative distances are on the right riverbank, 
positive distances on the left riverbank. The axis (0,0) corresponds to the origin of each 
transversal section.
Section 8 shows a particular incision more or less in the middle of the section. This 
incision is due to the presence of the submerged weir, which seems to be well 
represented in both models (however it does not stand out in the physical modelling 
results for the higher discharge).  
 
The comparison of the results obtained for section 17 is mitigated, since in the edges 
numerical modelling gives higher velocities than physical modelling does and in the 
middle part the situation is inversed. 
 
In section 22, the physical modelling measuring in the vertical x = 83.00 for the 
geometry without enclosure and for a discharge of 400 m3/s should be repeated, 
because the behaviour of the velocity field's shape indicates that there is probably a 
measurement error, which has not been identified before. 
 
Furthermore, the specific case of sections 26 and 28, which have a section's area that 
is not directly reached by the downstream flow, is well perceptible in the physical 
modelling results (mainly for the higher discharge). It is not at all observable in the 
numerical modelling results. It seems that the numerical model cannot recreate this 
particular situation properly. In general the worst comparison results are obtained for 
these two sections. 
 
Best results are obtained for velocities measured or calculated in the middle part of the 
section. The highest disparities are obtained for edge velocities, particularly for the 
velocities on the right riverbank where the waste disposal is located and where the 
enclosure will be constructed during works. The experimental and numerical results for 
the geometry without enclosure match better together than those for the geometry with 
enclosure. Furthermore, better resemblances between the models are obtained for the 





As expected, neither the physical model nor the numerical model matches completely 
the prototype or the other model. This may explain the encountered differences. The 
physical model was built by selecting 40 transversal sections of the bathymetry (which 
was obtained by measuring from a boat), which were reported on wooden boards and 
the resulting shape was cut and used as template for the construction of the model 
masonry. The numerical model was designed by interpolating the bathymetry surface 
to obtain contour lines and then converted into a digital terrain model, which was in turn 
transformed into a geometry for the numerical model (see chapter 4.1.2). 
 
The bathymetry influences considerably the flow direction; the possible bathymetry 
discrepancy between the models is certainly contributing to the results divergence. 
 
With the exception of section 28, the results between physical and numerical modelling 
correspond fairly well. This permits to attest the accuracy and the adequacy of the 
numerical model, particularly with regard to the hypothesis of two-dimensionality. 
Although CARPA models in two-dimensions, it characterizes well phenomena taking 
place in three dimensions. 
All conclusions made for both physical model and numerical model (as the 
corresponding results were interpreted) are still valid since the velocity fields obtained 
through both models corroborate mutually. An exception should be made for the 
conclusions done about section 28. To determine the behaviour of the hydrodynamics 
in section 28, external elements would be necessary. A new field campaign integrating 
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this transversal section (contrariwise to the yet carried field campaign) would be 
particularly interesting. 
 
Physical modelling allows studying the behaviour of flow in a real environment. A 
merely visual observation allows to examine and to understand qualitatively the 
behaviours of the reservoir. However, the means to obtain precise quantitative results 
are long and tedious. Numerical modelling is time-consuming and the modification 
parameters requires again a long time of calculation. The fineness of the mesh is of 
key importance. A coarse mesh reduces the computation time, but the results are less 
accurate. However, once steady state reached, it is easy and fast to get all kinds of 
numerical results.  
In other words, both model types have advantages and disadvantages. Their 
application to the same problem allows to derive the benefits of both methods and to 





The Ebro watershed covers an area of 85’362 km2 and has a total length of 910 km. Its 
hydrological regime can be considered as pluvio-nival. The Flix dam is the last barrage 
on the Ebro and is located around 100 km from the river mouth located in the 
Mediterranean Sea. The reservoir of Flix has a perimeter of 29.06 km, an area of 320 
ha, and a storage capacity of 11 hm3 and the mean water residence time is of 0.15 
days. It retains a large amount of sludge, about 920’000 tons of dry matter, made up of 
chemical compounds with high concentrations of contaminants in a mixture with inert 
waste. Appreciable amounts of organochlorine compounds, heavy metals and 
radionuclides have been detected.  
 
For the purpose of decontaminate the Flix Reservoir, the area where the waste 
disposal is located, will be isolated by a double sheet pile wall of closure against the 
right bank of the reservoir. The double row of piling has an approximate length of 1’300 
m, a variable height between 14 and 16 m and a width of 6 m, covering an area of 
43’456 m2. 
 
With these premises, it is by now possible to tame the study context and to explain the 
main outcomes of this project.  
 
Two geometries for the Flix Reservoir were studied, one considering the current 
situation (without enclosure) and the other one corresponding to the situation during 
works (with enclosure). The influence of the enclosure on the reservoir's 
hydrodynamics was analysed for two discharges, 400 m3/s (the approximate mean 
discharge) and 1'150 m3/s (corresponding to a small flood event). The analysis was 
carried out by physical and numerical modelling on five transversal sections distributed 
uniformly along the enclosure's length.  
 
The main conclusions concerning the influence of the enclosure on the hydrodynamics 
of the reservoir are resumed here after. 
 
The presence of the enclosure induces a velocity increment. However, no singularities 
(zones of high or low velocities) can be observed, which suggests that the disposition 
of the enclosure fits properly in the hydrodynamics of the river stretch. In physical 
modelling two exceptions are to be noted on verticals located in the last section of the 
enclosure. These are hidden behind the bulge of the enclosure in its central part. The 
velocities measured in these verticals are smaller for the geometry with enclosure, than 
for the geometry without enclosure. It could be deduced, that the presence of the 
enclosure creates a zone of dead water, while the same zone without enclosure is 
submitted to a normal flow. In numerical modelling one exception is noteworthy: the 
region around the enclosure elbow across the water channels is submitted to a high 
velocities field due to the deviation of the flux in direction of the water channels.  
 
The analysis of the velocity and unit discharge fields for the current geometry, for both 
discharges, confirms the presence of a main conveyance flow path within the reservoir. 
This path, located on the left riverbank, is closely linked to the presence of a 
submerged weir and of the solid waste deposit. The comparison of the results for the 
current situation and the situation during works for the same discharge leads to the 
following assertion: The geometry of the enclosure respects as much as possible this 
main conveyance way, in order to minimize the alteration of the actual hydrodynamics, 
particularly the actions on the riverbed.  
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Concerning the data validation for physical modelling, the velocity integration method 
results in smaller discharges than the theoretical discharges. This could mean that the 
velocimeter suffers a systematic deviation in shortage or that the used interpolation 
method is not appropriated for the sections shape. The accuracy of the physical 
modelling is also evaluated by comparing the obtained results to those of a field 
campaign carried out by the research group FLUMEN. The modelled velocities are 
higher than those measured on the prototype. However, the velocity distribution form is 
very similar. The higher experimental velocities can be explained by a higher study 
discharge. Furthermore, the physical model cannot represent at 100 % the behaviour 
of the prototype.  
 
In an approximate way, it can be said that the section’s area between the geometry 
without and with enclosure is reduced by 40 %. At the same time, the mean velocity 
over the section increases by 55 % (discharge and modelling type independent). As the 
discharge increases from 400 to 1’150 m3/s, the velocity increases as well for the two 
considered geometries. However, since the velocities are higher for the geometry with 
enclosure, a change of discharge during works would have more impact on the 
reservoir. 
 
This is important because a flood with a smaller discharge (having a higher occurrence 
probability since it has a smaller recurrence period) during decontamination works will 
induce the same velocities (thus directly influencing the hydrodynamics) on the 
reservoir as a higher discharge (having a smaller occurrence probability) during the 
current situation.  
 
Numerical and physical modelling have shown that velocities decrease at the contact 
with the enclosure’s wall and the bed bottom. They are drastically reduced near the 
wall. As water velocity is reduced, the erosive capacity of the river decreases as well, 
which benefits the stability of the confinement wall. Furthermore, since a part of the 
contaminated zone will not be isolated during works and this part borders on the 
enclosure, the reduction of the erosive capacity near the wall can avoid the suspension 
of these contaminated sediments. However, the velocity decrease affects only the 
region in direct contact with the wall; velocities recover rapidly with the remoteness to 
the enclosure. It should not be overlooked that a velocity reduction increases the 
velocity dispersion and thus engenders a greater turbulence that can originate local 
erosion.  
 
The enclosure induces a rise of the water layer, which increases with a higher 
discharge. For a discharge of 400 m3/s and with a water level immediately upstream of 
the dam of 41.1 m.a.s.l., the enclosure induces a maximal rise of 10 cm. For a 
discharge of 1'150 m3/s and for the same water level, the rise is of 35 cm. This fact is 
important since water elevation conditions the hydraulic behaviour of the reservoir. The 
rise can also have consequences on the Sebes’ nature reserve situated on the left 
riverbank. The sensitive biodiversity living just above the water layer could be disturbed 
if its habitat is flooded, especially the famous reed beds.  
 
Since the hydrodynamics of the reservoir are moderate influenced by the presence of 
the enclosure, it can be concluded that the proper functioning of the hydraulic reservoir 
during works is possible. Of course, this statement is only valid for the discharges 
being in the range of the studied ones, this means between 400 and 1'150 m3/s. It 
should still be studied what happens during a higher flood discharge and probably 
some countermeasures should be taken in case of an important flood generating a high 
discharge during works. 
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Due to the sparse number of verticals of measures and of data in general, it is difficult 
to make more enhanced interpretations and to better predict the influence of the 
enclosure on the reservoir’s hydrodynamics. Furthermore, it should not be forgotten 
that the results obtained through physical and numerical modelling are only an 
approximation of reality.  
 
Concerning the accuracy and adequacy of the numerical model, the results achieved 
and the subsequently conclusions are resumed in the following paragraphs. 
 
If the velocities obtained by physical and numerical modelling are compared, it can be 
observed that the values are relatively close, especially for the middle part of the 
studied sections; the highest differences are to the edges. Numerical velocities are in 
many cases slightly higher than those obtained by physical modelling, especially for the 
discharge of 1’150 m3/s. A modification of the boundary conditions, increasing the 
water level by half a meter, improved results. Physical and numerical results obtained 
for the most downstream analysed sections match less well together than for the other 
sections. Changing the Manning roughness coefficient did not modify the results. In 
general, the results for the geometry without enclosure fit better together than the 
results for the geometry with enclosure. For the geometry with enclosure, numerical 
results show a less constrained behaviour towards the enclosure than the results of the 
physical model. Introducing a no-slip condition did not improve this situation.  
 
With the exception of one among five studied sections (the most downstream section), 
the results between physical and numerical modelling correspond fairly well. The 
velocity fields obtained through both models corroborate mutually. This permits to 
attest the accuracy and the adequacy of the numerical model, particularly with regard 
to the hypothesis of two-dimensionality. Although CARPA models in two-dimensions, it 
characterizes well phenomena taking place in three dimensions.  
It can be concluded that both models represent fairly well the hydrodynamics of the 
reservoir. However to determine the velocity behaviour on the most downstream 
section (and in general in the most downstream part of the reservoir) external elements 
are necessary (i.e. a field campaign taking into account this part of the studied river 
stretch). At present it cannot be determined which model (physical or numerical) 
reproduces correctly the velocities.  
 
Neither the physical model nor the numerical model matches completely the prototype 
or the other model. This may explain in part the encountered differences. The 
bathymetry influences considerably the flow direction; the possible bathymetry 
discrepancy between the models is certainly contributing to the results divergence. 
 
Although results vary depending on the model used, they are not contradictory but 
complementary. The physical model is best suited for analyzing certain characteristics, 
while the numerical model is better for others. To carry out both modellings for the 
same study offers different points of view. Furthermore, a comparative analysis as it 
has been carried out in this project, permits to identify phenomena that are not 
necessarily detectable using only the one or the other method. This research has 
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 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
Introduction. Reading of existing studies. Realization of a work plan 
                                  
Adjustment of the measurement equipment. First experimentations 
                                  
Field trip 
                                  
Physical modelling and experimental documentation of the obtained 
results                                   
Introduction to numerical modelling 
                                 
Analysis and validation of data obtained with the physical model. 
Evaluation of the impact of the enclosure on the hydraulic reservoir’s 
performance                                 
Interim report submission at the LCH 
                                 
Numerical modelling and experimental documentation of the 
obtained results. Comparison to physical results                                   
Evaluation of the accuracy and adequacy of the numerical model, 
particularly with regard to the hypothesis of two-dimensionality                                   
Final redaction of the technical report. Elaboration of plans and 
draws                                   
Redaction of the executive summary. Elaboration of the presentation 
poster. Project submission at the UPC                                   
Oral presentation at the FLUMEN. Project submission at the EPFL 




- Redaction will be accomplished according to progression and bit by bit. In 
weeks 14 and 15, primarily only roundup and assembly tasks for the different 
parts will be done.  
- During Easter (06.04 – 10.04), students and academic personal are on holiday, 
but the laboratory staff takes advantage of this week for the annual 
maintenance of the laboratory equipment. Therefore, it is possible that the 
laboratory will also be closed the week after (8th week of the work plan). 
- During the analysis and validation of the data obtained with the physical model, 
it is not excluded that some other laboratory measurements will be necessary 
(repetition of failed measures, etc.). 
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Appendix 3: Automatic alignment software *.ptx file 
 
Example of the measure series on section 22 for the geometry without enclosure. The 
first coordinate indicates the x-axis, the second one the z-axis and the last one 


































































Appendix 4: Physical modelling results  
 
The velocity distribution is given as the component of velocity, which is perpendicular to 
the transversal section plane (in [m/s]) in function of water depth (in [m]). 
 
The velocity profiles are given grouped by section and measuring verticals. In order to 
facilitate the analysis, the results without and with enclosure are overlaid on the same 
graph. Furthermore, the velocity profiles obtained for the both discharges, 400 m3/s and 
1'150 m3/s, are juxtaposed. 
 
In sections 17 field and 26 field, the velocity profiles resulting of the field measurement 
on the prototype (carried out by the research group FLUMEN) have also been overlaid 
to the results of the physical model. 
 
The velocities were only measured on the verticals of the chosen bathymetry points (in 
bold on the profiles) which are inside the wetted perimeter. Therefore not all 
bathymetry points were considered.  
For measuring points that are inside the confined area during works, water velocity was 
only measured for the geometry without enclosure (current situation), since during 
cleaning up works there will be no water flow through this area. 
 
The section profiles, drawn with the software application AutoCAD, are “seen” from 
downstream. Thus, the coordinates, on the right riverbank are negative and those on 
the left riverbank are positive. On each bathymetry point, the first coordinate expresses 
the meters of distance from the origin (0,0) and the second coordinate gives the height 
relative to the origin elevation. The double line represents the enclosure. The confined 
zone is on the left of the enclosure (right riverbank). The vertical scale is exaggerated 
ten times the horizontal scale on the section profiles. 
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Appendix 5: Velocity increase factor between the geometry without and 
with enclosure. 
 
The legend gives the increase factor for each measuring point. The last increase factor 
corresponds to the average.  
 




































































































































































































































































































































Appendix 6: Contour maps  
 
For each transversal section, contour maps with overlaid post maps have been created 
with the obtained velocities without and with enclosure for both analyzed discharges.  
 
The section profiles are “seen” from downstream. The velocities are given in [m/s], the 
distance on the abscissa and the water depth in the ordinate are given in [m]. In order 
to better represent the data, the vertical scale is exaggerated more times the horizontal 
one.  
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Appendix 7: Numerical modelling results 
Velocity fields 
 
The velocities are given in [m/s]. 
 
In order to facilitate the analysis, the results obtained for both geometries, without 
enclosure and with enclosure, are one below the other and the same chromatic scale is 
applied. The results are represented for a river stretch of 2'135 m.  
 
The minimum level of the chromatic scale is actually 0.001. It is not set to 0 to better 
discern the riverbed and the riverbanks. The maximum level does not correspond to 
the maximal values encountered in the model. It is set to the maximal value gathered in 
the main riverbed. For this reason, the water channels are often not entirely coloured.  
 















































































Unit discharge fields 
 
The unit discharges are given in [m2/s].  
 
In order to facilitate the analysis, the results obtained for both geometries, without 
enclosure and with enclosure, are one below the other and the same chromatic scale is 
applied. The results are represented for a river stretch of 2'135 m.  
 
The minimum level of the chromatic scale is actually 0.001. It is not set to 0 to better 
discern the riverbed and the riverbanks. The maximum level does not correspond to 
the maximal values encountered in the model. It is set to the maximal value gathered in 
the main riverbed. For this reason, the water channels are often not entirely coloured.  
 















































































Water elevation fields 
 
The water elevations are given in [m.a.s.l.]. 
 
In order to facilitate the analysis, the results obtained for both geometries, without 
enclosure and with enclosure, are one below the other and the same chromatic scale is 
applied. The results are represented for a river stretch of 2'135 m.  
 
The minimum level of the chromatic scale is actually 0.001. It is not set to 0 to better 
discern the riverbed and the riverbanks. The maximum level does not correspond to 
the maximal values encountered in the model. It is set to the maximal value gathered in 
the main riverbed. For this reason, the water channels are often not entirely coloured.  
 














































































Appendix 8: Comparison between physical and numerical modelling 
Original conditions 
 
The studied geometries, discharges and boundary conditions are the same for the 
physical modelling as for the numerical modelling. 
 
The velocity in [m/s] is given in function of the distance in [m] to the origin (0,0) of each 
transversal section. In order to facilitate the analysis, the results for the geometries 
without and with enclosure obtained for the physical and the numerical modelling are 
overlaid on the same graph. Furthermore, the results obtained for both discharges, 400 
m3/s and 1'150 m3/s, are juxtaposed. 
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Modified boundary and initial conditions (1) 
 
The studied geometries and discharges are the same for the physical modelling as for 
the numerical modelling. 
 
But the boundary and initial conditions are modified as follows: 
- For the modelling of Q = 400 m3/s, the initial condition is 42.1 instead of 41.1 
m.a.s.l. 
- For the modelling of Q = 1'150 m3/s, the outlet discharge through the floodgates 
is modified by changing the weir height Zg from 37.83 to 38.83 m.a.s.l.  
 
All other boundary and initial conditions remain unchanged. 
 
The velocity in [m/s] is given in function of the distance in [m] to the origin (0,0) of each 
transversal section. In order to facilitate the analysis, the results for the geometries 
without and with enclosure obtained for the physical and the numerical modelling are 
overlaid on the same graph. Furthermore, the results obtained with the original and 
with the modified conditions for each discharge are juxtaposed. 
 









Q = 400 [m3/s],  
initial condition: 41.1 [m.a.s.l.] 
Q = 400 [m3/s],  
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Q = 1’150 [m3/s],  
weir height: Zg = 37.83 [m.a.s.l.] 
Q = 1’150 [m3/s], 
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Modified boundary and initial conditions (2) 
 
The studied geometries and discharges are the same for the physical modelling as for 
the numerical modelling. 
 
But the boundary and initial conditions are modified as follows: 
- For the modelling of Q = 400 m3/s, the initial condition is 41.6 instead of 41.1 
m.a.s.l. 
- For the modelling of Q = 1'150 m3/s, the outlet discharge through the floodgates 
is modified by changing the weir height Zg from 37.83 to 38.33 m.a.s.l.  
 
All other boundary and initial conditions remain unchanged. 
 
The velocity in [m/s] is given in function of the distance in [m] to the origin (0,0) of each 
transversal section. In order to facilitate the analysis, the results for the geometries 
without and with enclosure obtained for the physical and the numerical modelling are 
overlaid on the same graph. Furthermore, the results obtained with the original and 
with the modified conditions for each discharge are juxtaposed. 
 







Q = 400 [m3/s],  
initial condition: 41.1 [m.a.s.l.] 
Q = 400 [m3/s],  
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Q = 1’150 [m3/s],  
weir height: Zg =37.83 [m.a.s.l.] 
Q = 1’150 [m3/s], 
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The studied geometries, discharges, boundary and initial conditions are the same for 
the physical modelling as for the numerical modelling. 
 
But the Manning roughness coefficient is changed from 0.028 to 0.040 s/m1/3.  
 
All other boundary and initial conditions remain unchanged. 
 
The velocity in [m/s] is given in function of the distance in [m] to the origin (0,0) of each 
transversal section. In order to facilitate the analysis, the results for the geometries 
without and with enclosure obtained for the physical and the numerical modelling are 
overlaid on the same graph. Furthermore, the results obtained with the original and 
with the modified conditions for the discharge of 1’150 m3/s are juxtaposed. 
 






Q = 1’150 [m3/s],  
Manning roughness: n = 0.028 [s/m1/3] 
Q = 1’150 [m3/s],  
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Modified problem parameters 
 
The studied geometries, initial conditions and discharges are the same for the physical 
modelling as for the numerical modelling. 
 
But the problem parameters are set to implement the no-slip condition. Furthermore, 
the outlet discharge through the floodgates is modified by changing the weir height Zg 
from 37.83 to 38.33 m.a.s.l. 
 
All other boundary and initial conditions remain unchanged. 
 
The velocity in [m/s] is given in function of the distance in [m] to the origin (0,0) of each 
transversal section. In order to facilitate the analysis, the results for the geometries 
without and with enclosure obtained for the physical and the numerical modelling are 
overlaid on the same graph. Furthermore, the results obtained with the weir height of 
37.83 m.a.s.l. with the slip condition and the weir height of 37.83 m.a.s.l. with the no-
slip condition for the discharge of 1’150 m3/s are juxtaposed. 
 






Q = 1’150 [m3/s],  
weir height: Zg = 38.33 [m.a.s.l.], 
slip condition 
Q = 1’150 [m3/s],  






























] physical modelling (w ithout
enclosure)
numerical modelling (w ithout
enclosure)
physical modelling (w ith
enclosure)
numerical modelling (w ith
enclosure)























] physical modelling (w ithout
enclosure)
numerical modelling (w ithout
enclosure)
physical modelling (w ith
enclosure)































] physical modelling (w ithout
enclosure)
numerical modelling (w ithout
enclosure)
physical modelling (w ith
enclosure)
numerical modelling (w ith
enclosure)























] physical modelling (w ithout
enclosure)
numerical modelling (w ithout
enclosure)
physical modelling (w ith
enclosure)































] physical modelling (w ithout
enclosure)
numerical modelling (w ithout
enclosure)
physical modelling (w ith
enclosure)
numerical modelling (w ith
enclosure)























] physical modelling (w ithout
enclosure)
numerical modelling (w ithout
enclosure)
physical modelling (w ith
enclosure)
































] physical modelling (w ithout
enclosure)
numerical modelling (w ithout
enclosure)
physical modelling (w ith
enclosure)
numerical modelling (w ith
enclosure)
























] physical modelling (w ithout
enclosure)
numerical modelling (w ithout
enclosure)
physical modelling (w ith
enclosure)



























] physical modelling (w ithout
enclosure)
numerical modelling (w ithout
enclosure)
physical modelling (w ith
enclosure)
numerical modelling (w ith
enclosure)



















] physical modelling (w ithout
enclosure)
numerical modelling (w ithout
enclosure)
physical modelling (w ith
enclosure)
numerical modelling (w ith
enclosure)
 204
 
